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Abstract
Supramolecular self-assembly in two-dimensional (2D)
spaces on solid surfaces is the subject of intense current
interest because of perspectives for various applications in
nanoscience and nanotechnology. At the liquid/graphite inter-
face, we found by means of scanning tunneling microscopy
molecules with a rigid triangular core, a twelve-membered
phenylene-ethynylene macrocycle called dehydrobenzo[12]-
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annulene (DBA), substituted by six ﬂexible alkoxy chains self-
assembled to form hexagonal porous 2D molecular networks
via van der Waals interactions between interdigitated alkyl
chains as the directional intermolecular linkages. Factors that
aﬀect the formation of the porous 2D molecular networks
including alkyl chain length, solvent, solute concentration,
and temperature were elucidated through a systematic study.
Because DBA molecules are versatile for chemical modiﬁ-
cation, they turned out to be highly adaptive for on-surface
supramolecular chemistry with respect to (i) pore size con-
trol by changing the chain length, (ii) study of parity eﬀect
due to even or odd number chains, (iii) generation of supra-
molecular chirality on surfaces by introducing stereocenters,
(iv) chemical modiﬁcation of the pore interior for selective
co-adsorption of guest molecules by introducing functional
groups. Additionally, formation of superlattice structures on
surfaces was incidentally observed by mixing DBAs of dif-
ferent alkoxy chain parity or by addition of guest molecules
via an induced-ﬁt mechanism. These results made signiﬁcant
contribution to advancement of supramolecular chemistry in
2D space.
1. Introduction
The control of the spatial organization of functional mole-
cules based on self-assembly plays a central role in organic soft
materials such as liquid crystals1 and gels2 as well as opto-
electronic materials for bulk heterojunction photovoltaics.3 In
particular, among various types of molecular self-assemblies of
diﬀerent structural dimensionality, those in two-dimensional
(2D) space on solid surfaces are the subjects of intense con-
temporary interest because of the prospective applications in
the ﬁeld of nanoscience and nanotechnology.4 In this con-
text, numerous 2D structures formed by supramolecular self-
assembly on surfaces have been reported during the past
decades.5­8 This rapidly advancing research ﬁeld is called “2D
crystal engineering”7 in analogy with the well-established ﬁeld
known as “crystal engineering” for design and synthesis of
molecular crystal structures based on control over intermolec-
ular interactions in three-dimensional (3D) systems.9
For the investigation of 2D molecular networks formed by
self-assembly of molecules on surfaces, scanning tunneling
microscopy (STM) has been used as an extremely powerful
tool because of its potential for structural “visualization” with
molecular scale precision.10 STM can be operated under ultra-
high vacuum (UHV) conditions or typically at the interface
between an atomically ﬂat conducting solid phase and either a
gas or liquid phase. Advantages of UHV conditions are a large
temperature range enabling stable imaging of molecular net-
works with high resolution and measurements of electric and
magnetic responses of molecules at very low temperatures,5
and generation at high temperatures of highly reactive inter-
mediates which can survive only under inert atmosphere. How-
ever, limitations exist with regard to tolerance to the deposition
process by sublimation for thermally unstable molecules of
large molecular size. In contrast, at the liquid/solid interface, a
wide range of molecules can be used for STM experiments,11
though the temperature range is relatively narrow (ca. 100 °C).
The most advantageous aspect of the liquid­solid interface
systems is the dynamic nature due to the existence of a super-
natant solution phase that serves as a reservoir of solute mole-
cules, allowing repairing of defects in a molecular network or
reorganization of a network structure in response to chemi-
cal potentials of the building blocks that depend on variable
parameters such as solute concentration and temperature. From
these points of view, the formation of 2D molecular networks
at the liquid/solid interface has become a prevailing research
ﬁeld.6­8
With the above mentioned backgrounds and perspectives in
mind, we embarked on a research program on 2D self-assembly
at liquid/solid interfaces using molecules with a rigid triangu-
lar core, a twelve-membered phenylene-ethynylene macrocycle
called dehydrobenzo[12]annulene (hereafter called DBA),
substituted by six ﬂexible alkoxy chains, creating porous 2D
molecular networks of hexagonal lattices via van der Waals
interactions between interdigitated alkyl chains as the direc-
tional intermolecular linkages. We initiated the project in a very
strong collaboration, which has lasted more than a decade by
now, with Professors Frans De Schryver and Steven De Feyter
of KU Leuven, with simple alkyl- and alkoxy-substituted DBA
derivatives, with a naïve idea of regular tiling using these
triangle motifs.12 The collaboration started naturally because
we had had a strong intention to drive our research on in-
solution self-assembly to the chemistry in 2D space, and
because we had a number of derivatives and congeners of DBA
in stock in connection with our research on DBAs as candidates
for organic functional molecules of optoelectronic interest13
However, the choice of DBA as a rigid core of the building
blocks turned out to be crucial for the successful research that
followed as described in this Account. During the initial stage
of the research, we clariﬁed through a systematic study factors
that aﬀect formation of the porous 2D molecular networks,
such as alkyl chain length, solvent, solute concentration, and
temperature. Then we exploited high adaptivity of DBAs for
design and synthesis of advanced 2D monolayers taking full
advantage of versatility of DBAs for chemical modiﬁcation. As
a result, we found DBAs were adaptive as well as adaptable
for (i) pore size control by changing the alkoxy chain length,
(ii) study of parity eﬀect by using even or odd number alkoxy
chains, (iii) generation of supramolecular chirality on sur-
faces by introducing stereocenters into the alkoxy chains, (iv)
chemical modiﬁcation of the pore interior for selective co-
adsorption of guest molecules by introducing functional groups
at the alkoxy chain terminals. Additionally, formation of
superlattice structures on surfaces incidentally was observed by
mixing DBAs of diﬀerent alkoxy chain parity or by addition of
guest molecules via an induced-ﬁt mechanism. These studies
made signiﬁcant contribution to advancement of supramolec-
ular chemistry in 2D space. In this Account, we describe the
chemistry of 2D self-assembly of alkyl- and alkoxy-substituted
DBAs at liquid/solid interfaces as outlined in Figure 1a. We
will start with the formation of hexagonal 2D molecular
networks created at liquid/solid interfaces by self-assembly of
DBAs and its controlling factors, followed by the formation of
advanced molecular networks realized taking advantage of the
adaptivity of DBAs.
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2. Controlling Factors for 2D Molecular Networks
at Liquid/Solid Interfaces
It has been well documented that the outcome of supra-
molecular self-assembly at the liquid/solid interface is deter-
mined by the interplay of the following non-covalent inter-
actions between the molecule, substrate, and solvent; (i)
molecule­molecule, (ii) molecule­substrate, (iii) molecule­
solvent, and (iv) solvent­substrate interactions.6­8 In this
respect, the roles played by these interactions in controlling
2D structures are brieﬂy described in this section.
Molecular building blocks are connected on surfaces by non-
covalent molecule­molecule interactions, such as hydrogen
bonds, metal­ligand coordination bonds, dipole­dipole inter-
actions, and van der Waals interactions. Hydrogen bonds are
most frequently employed because of their relatively strong
and highly directional bonding, the factors which make the
resulting network structure reliable and predictable. Metal­
ligand coordination is particularly useful to construct 2D grids
typically on metal surfaces under UHV conditions due to its
strength and directionality similar to hydrogen bonds. Dipole­
dipole interactions between polar functional groups are known
to occasionally play a crucial role in controlling self-assembled
structures in addition to being a major driving force of assem-
bly. Because van der Waals interactions per small structural
unit are weak and unidirectional compared to the aforemen-
tioned interactions, in most cases they serve in a cumulative
manner for assembly as frequently observed in close-packed
lamellar structures of alkane derivatives.
As atomically ﬂat substrates used for the formation of self-
assembled monolayers at the liquid/solid interface, graphite
and Au(111) are commonly employed because of their ready
availability and chemical stability under ambient conditions. In
particular, graphite is conveniently used due to its ease in hand-
ling. At the organic solvent/graphite interface, the interaction
operating between a substrate and a molecule is basically of
van der Waals type. Because alkanes are adsorbed favorably to
graphite based on epitaxial stabilization by matching of lattice
registry between the methylene units along an alkyl chain and
the honeycomb lattice of graphite substrate, alkyl substituents
are frequently used to stabilize 2D structures formed on graph-
ite surfaces.
At the liquid/solid interface, solvent molecules exert a
signiﬁcant eﬀect on the network structures, because the type
of solvents (i.e., polarity and hydrogen-bond formation), con-
centration, and temperature aﬀect the thermodynamics of the
system arising from solvation. Solvent molecules also compete
with the solute molecules toward adsorption on the surface;
sometimes they are co-adsorbed in a conﬁned space of molec-
ular networks.14 Mobility of the molecules15 at the liquid/solid
interface due to the adsorption­desorption dynamics may also
be aﬀected by solvation and solvent viscosity.16
Finally, it should be pointed out that, since most of the STM
experiments at the liquid/solid interface are carried out at
ambient temperature, the observed 2D structures are not always
the thermodynamically most stable ones due to kinetic eﬀects
in the network formation. A kinetically favored phase can be
transformed into a thermodynamically more stable phase via
adsorption­desorption processes, which occasionally occur
during the course of STM observation. Annealing treatments
which accelerate the dynamics to achieve an equilibrium are
sometimes necessary to reach thermodynamically favored
phases.
3. Formation of Nanoporous 2D Molecular Networks
Among various types of self-assembled monolayers formed
on surfaces, porous 2D molecular networks, so-called nano-
porous networks, have attracted a great deal of attention
because of their ability to form multi-component 2D nanostruc-
tures by accommodation of guest molecule(s) in surface-
conﬁned pores (called nanowells) of these networks.8,17 For
example, nanoporous networks can be used to isolate a single
molecule or a (number-speciﬁc) cluster of functional molecules
in conﬁned space due to change in the size, shape, and chemi-
cal environment of the porous space. Controlling their optical
or electrical properties depending on condition- or stimulus-
dependant change in their orientation or mobility would lead
to high density data storage systems. Moreover, if the interior
is properly functionalized, nanowells may serve not only as
templates for precise molecular recognition that can ﬁnd sen-
sory applications, but also as nanoreactors for catalytic chemi-
cal transformations that take place in an eﬃcient and selective
manner by combining substrate molecules in conﬁned space
similar to biological processes.
The main driving force for co-adsorption of guest molecules
in a nanoporous network is the guest­substrate interaction. In
addition, shape and size complementarity between the guest
and the surrounding host matrix plays an important role in
determining the geometry and mobility of the guest due to
van der Waals interactions between them. Guest molecules hav-
ing various shape and size were immobilized in nanoporous
networks according to this concept.18 Moreover, in the recent
past, modiﬁcation of the chemical environment of the interior
space for guest binding through speciﬁc chemical interactions
was reported.19 Since the nanoporous networks formed by
DBAs (Figure 1) were expected to provide a suitable ground
for control of guest molecules by size, shape, chirality, and
functionality, we put special emphasis on this respect as
detailed in this Account.
4. Formation of Porous Networks by Self-Assembly
of DBAs with Flexible Alkoxy Chains
at Liquid/Solid Interfaces
Our initial experiments on the formation of 2D molecular
networks were conducted using alkyl-substituted DBA-C10 at
the 1,2,4-trichlorobenzene (TCB)/graphite interface at rela-
tively high solute concentration of ca. 5­8 © 10¹4molL¹1 at
room temperature (typically 22­24 °C). Fortunately, a porous
2D network with a honeycomb structure was observed as
shown in Figure 2 under the conditions (i.e., high solute con-
centration) which turned out afterwards not ideal for porous
structure formation.20 The bright triangle features are assigned
to DBA cores because of the larger tunneling current typically
observed for aromatic compounds than for alkanes.21 Six alkyl
chains per DBA-C10 imaged as bright dots are adsorbed on
the surface and they align parallel to one of the graphite’s
symmetry axes. Therefore, the DBA cores are linked by four
alkyl chains which are interdigitated other to maximize van der
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Waals interactions. In the hexagonal pores fuzzy (typically
seven) dim spots are observed, which we ascribe to co-
adsorbed solvent (TCB) molecules. Following the initial lucky
outcome with DBA-C10, we found that alkoxy-substituted
DBAs, which were more readily prepared than the alkyl deriv-
atives, with alkoxy groups ranging from OC4H9 (DBA-OC4,
Figure 1) to OC20H21 (DBA-OC20, Figure 1) also formed
hexagonal lattices, revealing it is a general phenomenon of
alkoxy DBAs to form nanoporous networks. However, by
systematic investigations on the self-assembling behaviors of
alkoxy-substituted DBA derivatives under various experimen-
tal conditions, we found that the self-assembled monolayer
patterns were signiﬁcantly aﬀected by the structure of the
triangular building blocks, such as the size of the rigid core
and the ﬂexible alkyl chain length, as well as experimental
conditions including solvent, concentration, temperature, and
the solid substrates, as described in the following sections.
In addition to DBA-C10, we found that bisDBA-C10 with
two DBA cores fused to a common edge formed a porous
Kagomé network having hexagonal and triangle pore spaces
at the TCB/graphite interface (Figure 3).20a,22 Because the
bisDBA core is connected to four neighbor molecules by six
alkyl chains, each intermolecular linkage is formed by three
alkyl chains, in contrast to the case of the honeycomb network
of DBA-C10 which is connected by four alkyl chains. This
makes the porous Kagomé networks of bisDBA derivatives
less eﬃcient as described later in section 4.3.
4.1 Eﬀect of Triangular Core Size on the Formation of
Nanoporous Networks. First, by comparison with other
alkoxy-substituted triangular molecules, we found that the size
of the triangular core is critical to the formation of porous
networks due to the distance-dependence between the alkoxy
(a)
Figure 2. (a) STM image of the molecular network of
DBA-C10 formed at the TCB/graphite interface. The unit
cell and main symmetry axes of graphite are indicated by
the red lines and the blue lines at the lower left cor-
ner, respectively. (b) Molecular model of the honeycomb
structure of DBA-C10. Reprinted with permission from
Ref. 20b. Copyright 2006 American Chemical Society.
Figure 1. (a) Schematic representation for the formation of a porous molecular network by self-assembly of DBA molecules on a
surface and their adaptive features. (b) Chemical structures of simple, so-called ﬁrst-generation DBA molecules.
Figure 3. (a) Chemical structures of bisDBAs, bisDBA-
C10 to bisDBA-C16 and bisDBA-OC9 and bisDBA-
OC10, (b) STM image of the Kagomé network formed by
bisDBA-C10 at the TCB/graphite interface, and (c) its
model. Reprinted with permission from Ref. 22. Copyright
2009 American Chemical Society.
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chains for van der Waals interactions. The theoretically esti-
mated ideal distance for two parallel-aligned chains which are
placed on a graphite surface to maximize van der Waals inter-
action is reported to be 0.49 nm.23 Experimentally observed
distances range typically from 0.40 to 0.45 nm.11,24 Hence the
optimal distance between a pair of alkyl chains attached to a
rigid core of a molecule to form a van der Waals linkage with
its partner molecule should be 0.98 nm. Because the dis-
tance between the alkoxy chains (O­O distance of 0.98 nm)
of alkoxy-substituted DBAs falls into this criterion, they are
inherently suited for the porous network formation (Figure 4a).
On the other hand, it had been reported by Bai and co-workers
that triphenylene derivatives TRI-OCn (alkyl chain: C10H21,
C12H25, C14H29, C16H33), in which the distance between alkoxy
chain (O­O distance) is 0.73 nm, formed close-packed hex-
agonal or linear type monolayers through van der Waals inter-
actions between alkyl chains.25 No porous pattern was formed,
because the distance between alkoxy chains is too small to
allow them being interdigitated. For a larger triangular core, we
found that alkoxy-substituted dehydrobenzo[18]annulenes such
as 18DBA-OCn (alkyl chain: C10H21, C12H25, C14H29, C16H33),
in which the alkoxy chain distance is 1.24 nm, did not form
honeycomb patterns at the TCB/graphite interface, because the
alkoxy chain distance was too large for stable interdigitation.26
Recently, Zhao, Lei, and co-workers reported that arylene-
ethynylene macrocycles with even larger triangular core such
as AEM (Figure 4b) behaved similarly; depending on the
concentration, diﬀerent types of non-porous networks were
observed at the TCB/graphite interface.27
The above consideration also applies for the formation of
porous networks by trigonal building blocks with six alkoxy
chains (Figure 4b). Namely, at the same time as our initial
ﬁnding for the formation of honeycomb network, Charra, Atias,
and co-workers reported the porous network formation by
alkoxy-substituted 1,3,5-tristyrylbenzene derivative TSB at the
1-phenyloctane/graphite interface.17b,28 Moreover, we recently
found that trigonal triiminoguadinium salt TIG with C10
alkoxy chains formed a honeycomb network at the 1-phenyl-
octane/graphite interface.29a In TSB and TIG, the distances
between the alkoxy chains are estimated from the theoretically
optimized models to be 1.15 and ca. 1 nm, respectively, in
accordance with the empirical rule elucidated from the tri-
angular building blocks. Recently, Matsuda and Hirose report-
ed the formation of a honeycomb network by self-assembly of
a hexaalkoxy-substituted compound with a sulfur-containing
tetracyclic core, which was generated by photoisomerization of
a diarylethene precursor,29b supporting the above guideline for
formation of porous networks by alkyl chain interdigitation.
Figure 4. (a) A schematic representation for the eﬀect of core size on alkyl chain interactions with chemical structures of TRI-OCn,
DBA-OCn, and 18DBA-OCn. (b) Chemical structures of AEM, TSB, and TIG. Reprinted with permission from Ref. 26.
Copyright 2007 American Chemical Society.
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4.2 Eﬀect of Alkyl Chain Length on the Formation of
Nanoporous vs. Non-porous Networks. In contrast to DBA-
C10 which formed a porous 2D pattern even at concentra-
tions higher than 10¹4molL¹1 at room temperature, alkoxy-
substituted DBAs were found to exhibit both or either of the
porous honeycomb and/or non-porous patterns depending on
the alkoxy chain length under similar conditions.20b Whereas
DBA-OC10 having decyloxy side chains forms a honeycomb
network similar to DBA-C10, DBA-OC12 exhibited domains
of the non-porous structure in addition to the honeycomb struc-
ture. The tendency to form the non-porous structure increases
with increasing alkoxy chain length. Thus, while DBA-OC14
formed non-porous domains mainly with some honeycomb
structures observed at the domain boundaries, for DBA-OC16
and DBA-OC18, the non-porous networks were predominantly
observed. In addition, with increasing alkyl chain length, the
domain size of the non-porous pattern becomes smaller. A
high-resolution image of DBA-OC14 shown in Figure 5
clearly shows the presence of four interdigitated alkyl chains
between the DBA cores, indicating that the other two alkyl
chains attached to the DBA core are not adsorbed on the
graphite surface and are exposed to the solution phase.
4.3 Eﬀect of Concentration on the Formation of Nano-
porous vs. Non-porous Networks: A Semiquantitative
Thermodynamic Analysis. The formation of non-porous
structures for DBAs with long alkyl chains seemed to set a
limitation to further advance of this chemistry. To our delight,
however, we found that the network structures could be
changed dependent on the concentration of DBAs in TCB; by
diluting the concentration, the dominant network structures
turned to the porous phase.30 For example, as sown in Figure 6,
whereas DBA-OC16 showed exclusively the close-packed
network at 1.1 © 10¹4molL¹1, the network structure changed
almost completely to the porous honeycomb type at 5.7 © 10¹6
molL¹1. This concentration dependent behavior turned out to
be general for all DBA derivatives.
The concentration range of this transition from the non-
porous to porous patterns depends on the alkyl chain length, as
shown in Figure 7 for DBA-OC12 to DBA-OC18. Whereas
DBA-OC12 formed exclusively the honeycomb structure even
at 2 © 10¹4molL¹1, the network structure of DBA-OC18
changed to the honeycomb pattern at concentrations of a 10¹6
molL¹1 level. This dilution method for the formation of porous
structures was also applicable to DBA-OC20 which formed
exclusively the honeycomb pattern at 2.4 © 10¹6molL¹1.
However, while DBA-OC30 exhibited the porous honeycomb
network at the lowest concentrations examined (5.0 © 10¹6
molL¹1), dense-packed non-porous structures also co-existed,
setting the size limit of the nanoporous networks that can be
constructed from the alkoxy-substituted DBAs.31 This limita-
tion was overcome by introduction of geometrical kinks by
inserting a diacetylene unit, which served like a harness to bind
long alkyl chains, at proper positions in the alkyl chain as in
DBA-DAOC24OC25 and DBA-DAOC32OC33 (Figure 8).32
DBA-DAOC24OC25 formed relatively large domains of the
Figure 5. (a) High-resolution STM image of the non-
porous network of DBA-OC14 at the TCB/graphite inter-
face. (b) Top view and (c) side view of its model. Two
alkyl chains per molecule are omitted for clarity in (b).
Reprinted with permission from Ref. 20b. Copyright 2006
American Chemical Society.
Figure 6. (a, b) STM images obtained at the TCB/graphite
interface of monolayers formed by DBA-OC16 at con-
centrations (a) 1.1 © 10¹4molL¹1 and (b) 5.7 © 10¹6
molL¹1. Insets in (a) and (b) are high-resolution images
of the non-porous and honeycomb patterns, respectively.
(c) A scheme illustrating the structure transition from the
non-porous to honeycomb patterns. Reprinted with permis-
sion from Ref. 30. Copyright 2008 John Wiley and Sons.
Figure 7. Dependency of the coverage ª (%) of the
honeycomb versus close-packed linear structures formed
at the TCB/graphite interface on the DBA concentration.
Reprinted with permission from Ref. 30. Copyright 2008
John Wiley and Sons.
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honeycomb pattern with a pore size larger than that of DBA-
OC20. The diacetylene units can be visualized as bright features
making kinks in the alkyl chain linkages (Figure 8c). Though
the pore size of the network of DBA-DAOC32OC33 becomes
even larger, the size of regular domains becomes smaller. It
should be pointed out that the length of the alkyl chains con-
necting the DBA core and the diacetylene unit are diﬀerent
by one methylene unit in an alternating fashion to make the
diacetylene units align favorably. This elaborate molecular
design is crucial for the formation of porous structures, because
DBA-DAOC12 bearing the same C6 methylene units between
the DBA core and the diacetylene unit did not form an ordered
monolayer. Selective synthesis of alternately substituted DBA
derivatives is described later in section 5.3 (Scheme 1).
The concentration dependence of the 2D networks of DBAs
can be qualitatively explained in terms of the diﬀerent stabil-
ities and molecular densities between the two phases. Namely,
the adsorption energies per unit area for the non-porous phase
will become more favorable with increasing alkyl chain length.
As the concentration decreases, however, the number of mole-
cules that cover the substrate surface decreases. Consequently,
at low concentrations (a 10¹6molL¹1 level or lower) DBAs
prefer to form a porous honeycomb structure of lower density
to maximize the adsorption energy per molecule. This trend
becomes more remarkable for DBAs with short alkoxy chain
length because of the increasing stability diﬀerence between
the porous honeycomb structures.
The concentration dependent change of the network pattern
was also observed for bisDBAs (Figure 3), although it was
more complicated because of the weaker intermolecular bind-
ing force between the rhombus cores. While bisDBA-C10
exclusively forms the Kagomé structure for a wide concen-
tration range (from 10¹4 to 10¹6molL¹1), bisDBA-C12 to
bisDBA-C16 with longer alkyl chains form a variety of con-
centration dependent structural variations.22 Moreover, alkoxy-
substituted bisDBA-OC9 and bisDBA-OC10 with C9 and C10
alkoxy chains, respectively, never formed the Kagomé patterns,
indicating the delicate structural requirement for stable van der
Waals pairs.
The control of dense-packed vs. porous network patterns
at the liquid/solid interface by solute concentration is related
to the known structural control by surface coverage under
ultrahigh vacuum conditions.33 Because of the facility of struc-
tural control in the liquid/solid interface system as well as the
interest in the role of solvent, the solute concentration control
method was quickly recognized in this ﬁeld and it became a
common practice. A number of examples of concentration-
dependent control for the 2D networks formed by hydrogen
bonding were reported,34 including a binary system of 1,3,5-
benzenetricarboxylic acid (trimesic acid, TMA) and 1,3,5-tris-
(4-carboxylphenyl)benzene at the liquid/solid interfaces to take
just one example.34a All reported results are consistent with our
view; the lower the concentration, the larger the chance to ﬁnd
a low density pattern.
The above results on the eﬀect of concentration on the non-
porous vs. porous packing patterns prompted us to understand
thermodynamics of 2D self-assembly at interfaces by quanti-
tative analysis.35 We therefore carried out an analysis of the
stabilities of diﬀerent monolayer network patterns formed at
the TCB/graphite interface by DBA-OC10­DBA-OC18.30 By
taking into account the number of DBA molecules per unit
area (h and l for the porous honeycomb and non-porous linear
patterns, respectively) and assuming that the chemical potentials
of a DBA molecule in the honeycomb pattern, linear pattern,
and in solution are equal, a linear relationship between ln(Yh/
[DBA]) versus ln{(1 ¹ Yh)/[DBA]} was elucidated (eq 1),
where Yh is the fraction of the monolayer area occupied by the
honeycomb pattern (Yh + Yl = 1, Yl: fraction of the monolayer
area occupied by the non-porous linear pattern). The slope m is
the ratio (l/h) of the packing densities of the linear and the
honeycomb patterns and [DBA] is the solute concentration.
ln
Yh
½DBA
 
¼ m ln 1 Yh½DBA
 
þ lnK ð1Þ
The slope m obtained from the experimental data (linear ﬁts
by solid lines) in Figure 9a increases with increasing alkyl
chain length (solid squares with a solid line, Figure 9b), in
agreement with that derived from the packing densities esti-
mated from the molecular models (dotted line, Figure 9b).
The intercept lnK in eq 1 is an equilibrium constant for the
transition from the non-porous to honeycomb phases and it
shows a linear dependency on the alkyl chain length (circles
with a solid line, Figure 9b), also consistent with the mono-
tonic change upon increasing the alkyl chain length. The con-
centration dependency of the self-assembly of DBAs is thus
semi-quantitatively explained in terms of the diﬀerent stability
Figure 8. (a) Chemical structures of DBAs bearing diac-
etylene units inserted in the alkyl chains. (b, c) STM
images of a monolayer formed by DBA-DAOC24OC25
at the TCB/graphite interface. (d) A network model for
a honeycomb structure of DBA-DAOC24OC25. Repro-
duced from Ref. 32 with permission from The Royal
Society of Chemistry.
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and molecular density of the two network patterns. Moreover,
the larger energy diﬀerence between the network patterns leads
to higher sensitivity to concentration.
4.4 Eﬀect of Temperature on the Formation of Porous vs.
Non-porous Networks: A Thermodynamic Model for 2D
Assembly at Liquid/Solid Interfaces. As described above,
we revealed the concentration eﬀect on the 2D self-assembly
patterns of DBAs at room temperature and proposed a semi-
quantitative thermodynamic model. It has been known that
2D self-assembly often displays transitions between phases in
response to temperature too,34b,36 and a few simple thermody-
namic models have been developed to describe such sys-
tems.30,34b,37 However, no enthalpy or entropy changes asso-
ciated with phase transition in 2D self-assembly have been
reported. By using the reversible transition between the non-
porous and porous phases of DBA-OC16 at the TCB/graphite
interface, we performed the ﬁrst investigation of the temper-
ature-concentration-dependent structural transition in a 2D self-
assembly process. The experimental conditions were selected
because the phase transition took place at a measurable tem-
perature range within an experimental concentration range. On
the basis of the detailed STM observations, experimentally
measured values for enthalpy and entropy changes for the
structural transition were elucidated and the experimental en-
thalpy and entropy values were compared with those obtained
from molecular mechanics (MM) simulations and theoretical
calculations.
Figures 10a­10f show STM images for sequential heating
of DBA-OC16 at the TCB/graphite interface (5.8 © 10¹4
molL¹1) from 22 to 80 °C. At 22 °C the predominantly formed
network was the non-porous phase with small domains with
width of 5 to 20 nm (Figure 10a). Heating up to 60 °C induced
increase of domain size to 50­200 nm, via a process reminis-
cent of 2D Ostwald ripening by which a system evolves
to minimize energetically unfavorable domain boundaries.
Similar results were reported for various 2D supramolecular
networks39 including the one for a similar molecule by Bellec
et al.37a At ca. 70 °C a structural change occurred, forming lines
of porous structures with a width of one hexagonal pore within
domains of the linear non-porous phase (Figure 10d). By
heating to 80 °C complete transition to large domains of the
porous phase was observed (Figure 10e). When the system was
allowed to cool naturally to 30 °C, a transition back to the
linear non-porous phase was observed (Figure 10f ). By repeat-
ing this heating and cooling process, the system underwent
the phase transition multiple times.
The temperature-dependent phase transition behavior of
DBA-OC16 was concentration dependent. Some of the results
of the sequential heating experiments at concentrations between
2.30 © 10¹5molL¹1 and 2.87 © 10¹4molL¹1 are shown in
Figure 11a with sigmoidal ﬁts to the experimental data. At
lower concentrations, the transition became more gradual and
shifted to lower temperatures. Based on the thermodynamic
model proposed by Bellec and co-workers for the phase tran-
sition occurring at a single critical concentration (C0),37a we
derived eq 2 with the addition of a term to model the entropy
loss associated with the co-adsorption of solvent molecules. At
C0 the change in free energy going from the non-porous linear
to porous honeycomb phases per unit area is equal to zero.
lnC0 ¼
1
T0
H0lin þ
ðH0por H0linÞ
ðm 1Þ
 !
þS0lin
 ðS
0
por S0linÞ
ðm 1Þ 
19S0TCB
2ðm 1Þ ð2Þ
In eq 2, H0lin and H
0
por are the enthalpy change per DBA
molecule for desorption from the surface in the non-porous
linear and porous honeycomb phases, respectively, due to
molecule­substrate, molecule­molecule and molecule­solvent
interactions. S0lin and S
0
por are the entropy changes per DBA
associated with desorption from the non-porous and porous
phases, respectively, and S0TCB is the entropy change per TCB
molecule for desorption from the surface. The factor of 19/2
in eq 2 is based on the 19 TCB molecules, estimated by both
modeling and STM observation, and 6 DBA molecules per
pore in the porous structure. Since each DBA is shared by three
adjacent pores, the number of TCB per DBA is 19/2. The
parameter m is the ratio of surface molecular densities of DBA
in the porous and non-porous phases. Equation 2 is based on
the fact that at C0 the enthalpy cost of converting the non-
porous phase into the porous phase per unit area is exactly
oﬀset by the gain in entropy.
Equation 2 also indicates that C0 is temperature dependent.
A plot of ln(C0) against 1/T0 (T0: phase transition temperature
Figure 9. (a) Experimentally obtained plots of ln(Yh/[DBA]) versus ln{(1 ¹ Yh)/[DBA]}. The solid lines are linear ﬁts. (b) The
dependency of slope m ( experimental; estimated from the area per unit cell) and intercept lnK ( ) in eq 1 on the alkyl chain
length. The solid lines are linear ﬁts of m and lnK. Reprinted with permission from Ref. 30. Copyright 2008 John Wiley and Sons.
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deﬁned as the temperature where 50% transition took place)
gave a straight line (Figure 11b) by using the values for T0
and C0 obtained from the sequential temperature-dependence
experiments at various concentrations (Figure 11a). From a
linear ﬁt to this data we obtained the slope and intercept to give
eqs 3 and 4 for enthalpy and entropy terms, respectively.
H0lin þ
ðH0por H0linÞ
ðm 1Þ ¼ 2:57 0:16 10
19 J
ð3Þ
S0lin 
ðS0por S0linÞ
ðm 1Þ 
19S0TCB
2ðm 1Þ
¼ 6:38 0:48 1022 J K1 ð4Þ
To test the validity of these experimental results, MM
simulations were performed to calculate H0lin and H
0
por,
yielding the enthalpy term of ¹1.78 © 10¹18 J, which was
outside the error of the experimental value (eq 3). This diﬀer-
ence may result because the MM simulations do not include
the bulk solvent layer. The entropy change due to the loss of
translational, rotational, conformational, and vibrational entro-
py was estimated using a method reported by Whitesides and
co-workers,40 to produce a theoretical estimate for the entropy
term of ¹1.24 « 0.16 © 10¹21 JK¹1. This estimated value has
the opposite sign of the experimental value (eq 4) and lies well
outside of it. The discrepancy between theory and experiment
may be due to the fact that not all molecules including TCB
lose entropy on adsorption, though the estimated values assume
a complete restriction of molecular motion for all molecules
adsorbed on the surface. The experimental and theoretical
enthalpy values both suggest that the enthalpy change for the
phase transition from the non-porous to porous phases is
positive. Since a transition with a positive change in enthalpy is
favored if the corresponding change in entropy is also positive,
the experimental value for the entropy change is more accurate
and relevant than the theoretical estimate.
4.5 Eﬀect of Solvent on the Formation of Porous vs. Non-
porous Networks. The results described above were obtained
exclusively using TCB as a solvent, which was suited for the
formation of the porous pattern presumably due to its strong
tendency to co-adsorb and ﬁll the nanoporous space as de-
scribed in the thermodynamic analysis. However, it has been
well known that the solvents exert signiﬁcant eﬀect on the
structures of self-assembled monolayers. It was indeed the
case for the 2D networks of DBAs formed at solvent/graphite
interfaces. For example, in aromatic solvents (TCB and PO),
DBA-C10 and bisDBA-C10 formed mainly the honeycomb
and Kagomé structures, respectively, which are thermodynami-
cally favorable equilibrium structures because of fast dynamics
due to large solvophilicity. Actually, phase transitions were
sometimes observed during STM measurements of DBA-C10
in 1-phenyloctane and bisDBA-C10 in TCB at room tem-
perature. On the other hand, in octanoic acid (OA) diﬀerent
network structures were observed.20b We assume that due to the
solvophobic eﬀect and high viscosity of OA, the movement of
molecules in the network forming process is slower, leading to
kinetically trapped structures.
In addition to the solvophobic/solvophilic eﬀect, solvent
molecules are co-adsorbed on the surface at conﬁned spaces
formed by self-assembly of DBAs, leading to unique network
patterns. As a remarkable example, we found that when tetra-
Figure 10. Typical STM images for a sequential heating experiment for a TCB solution (5.8 © 10¹4molL¹1) of DBA-OC16 at the
interface of graphite. After initial deposition of the solution on the substrate at 22 °C, the temperature was increased in 10 °C steps
and STM images were collected at each temperature. Images obtained at (a) 22, (b) 40, (c) 60, (d) 70, and (e) 80 °C. (f ) STM image
after the system was allowed to cool to 30 °C after heating at 80 °C. The insets in (d) and (e) show enlarged regions of the DBA
networks. Scale bars; (a), (b), and (c) 16 nm; (d), (e), and (f ) 20 nm; insets in (d) and (e) 4 nm. Reprinted with permission from
Ref. 38. Copyright 2013 American Chemical Society.
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decane (TD) was used as the solvent, the solvent molecule
was incorporated between the two alkyl chains of a DBA,
most eﬃciently in the case of DBA-OC16 whose alkyl chain
length matches that of TD, thereby blocking the intermolecular
linkage between the DBA molecules.41 As a result, domains
consisting of linearly aligned molecular rows were observed
mainly (Figure 12a). In this structure, two of the three-paired
alkyl chains of a DBA molecule are blocked by incorporation
of TD molecules, whereas the third alkyl chain pair forms an
intermolecular linkage to a neighboring DBA molecule to form
a dimer (Figure 12b). Additional tetradecane molecules occupy
the open spaces. Moreover, rows consisting of a hexagonal
structure which was formed by cooperation of six DBAs and
TD molecules occupying every open space were observed at
domain boundaries (Figure 12c). A statistical analysis of the
numbers of the interdigitated and blocked alkyl chain pairs of
DBAs indicate that TD molecules block a signiﬁcant propor-
tion (63%) of the alkyl chain interdigitation of DBA-OC16
in contrast to 11% or less proportion for DBA-OC13, DBA-
OC14, and DBA-OC15, revealing the delicate balance be-
tween the alkyl chain lengths.
4.6 Eﬀect of Substrate on the Structure of 2D Networks.
Formation of physisorbed, self-assembled monolayers on
graphene has attracted a great deal of interest in view of modi-
ﬁcation of its unique electronic and mechanical properties.42
Various kinds of organic molecules have been reported to self-
assemble on graphene under UHV conditions.43 We revealed
that the above mentioned porous molecular networks of DBAs
can also be formed at the solvent/graphene interface.44 For
example, DBA-DAOC24OC25 formed a large porous network
at the interface between epitaxial few-layer graphene grown on
SiC or CVD-grown single-layer graphene on polycrystalline
Cu ﬁlm on silicon wafer and TCB as shown in Figure 13. It
should be pointed out that the monolayer continuously crosses
the surface steps without structural disorder, exhibiting the
adaptability of the molecular network (Figures 13a and 13b).
Moreover, it smoothly spreads over the winding surface due to
underlying polycrystalline Cu ﬁlm (Figure 13c). In addition to
the formation of the porous networks at the interface of TCB
and graphite or graphene, we also found that the supernatant
solvent could be removed by simply rinsing the sample gently
in water followed by blowing nitrogen to dryness. Thus formed
dry monolayers were proven by STM and AFM measure-
ments to retain a highly ordered pattern without obvious defects
generated during the drying process. The dried monolayer
could be kept for at least two weeks without damage, revealing
the stability and robustness of the network in air.44
It has been well documented that the solid substrates aﬀect
the structures of self-assembled monolayers formed at liquid/
solid interfaces.45 For an alkoxy triphenylene derivative, Charra
reported the formation at the tetradecane/Au(111) interface of
a close-packed phase which was diﬀerent from that observed at
the solvent/graphite interface under the same conditions.28,45a
The formation of the diﬀerent structures was attributed to the
mismatch of registry with respect to the Au(111) lattice, in
contrast to the solvent/graphite interface in which all six alkyl
Figure 11. (a) Plots of the fractional coverages of the
porous phase as a function of temperature for DBA-OC16
in TCB at concentrations ranging from 2.30 © 10¹5 to
2.87 © 10¹4molL¹1. The dashed lines represent sigmoidal
ﬁts to the data. The transition temperature (T0) is measured
by taking the temperature at which the sigmoidal ﬁt equals
a fractional coverage of 0.5. (b) Plot of lnC0 against 1/T0
for DBA concentrations between 2.30 © 10¹5 and 5.75 ©
10¹4molL¹1. The dashed red line represents a linear ﬁt to
the data. Reprinted with permission from Ref. 38. Copy-
right 2013 American Chemical Society.
Figure 12. (a) STM image of a monolayer consisting of
DBA-OC16 and tetradecane molecules at the tetradecane/
graphite interface (1.0 © 10¹6molL¹1). The hexagonal
structure is highlighted by a white hexagon. (b, c) Models
of the domains consisting of linearly aligned molecular
rows and the hexagonal structure, respectively. Reprinted
with permission from Ref. 41. Copyright 2013 American
Chemical Society.
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chains align parallel along the graphite main axes. We also
observed signiﬁcant eﬀect of the substrate when Au(111) was
used instead of HOPG; the most signiﬁcant diﬀerence was the
shapes of hexagonal structures of the porous network.46,47
Similar to the network patterns formed by DBAs at the
TCB/graphite interface, both non-porous and porous patterns
were observed at the TCB/Au(111) interface. The dominant
patterns change depending on solute concentration and alkyl
chain length as observed for the graphite interface. However,
the most notable diﬀerence is the appearance of diﬀerent poly-
morphs in the porous phases, which is due to positional diﬀer-
ence for the van der Waals linkage between a pair of DBA
molecules. Since there are two modes for alkyl group inter-
digitation, a supramolecular pair of DBAs becomes chiral
depending on the interdigitation motifs, labeled arbitrarily (+)
and (¹) as shown in Figure 14a, in which the left DBA mole-
cule locates with respect to the right one either above or below.
The combination of six identical interdigitation motifs, either
all (+) or all (¹), produces a chiral hexagonal unit having inner
alkyl chains directing either counterclockwise or clockwise
direction as shown in Figure 14a. On the other hand, combi-
nation of two (+) and four (¹) interdigitation modes leads a
non-uniform hexagonal unit as depicted in Figure 14a bottom.
Combination with diﬀerent number of (+) and (¹) modes
will lead to further variation. Indeed, there are a total of eight
possible hexagonal structures (12: if enantiomers are included)
consisting of diﬀerent interdigitation patterns as illustrated in
Figure 14b.
We revealed that DBA-OC6 formed a porous network con-
sisting of chiral, achiral, and distorted hexagonal units, formed
by uniform, alternating, and irregular alignments of DBA mole-
Figure 13. (a) Large-area STM image of the honeycomb
pattern of DBA-DAOC24OC25 at the TBC and epitaxial
few-layer graphene grown on SiC. (b) Enlarged STM
image of the areas marked by white square in (a). Blue
triangles and dashed lines indicate the DBA cores and the
alkyl chains, respectively. (c) STM image of the honey-
comb pattern of DBA-DAOC24OC25 at the TBC and
CVD-grown single-layer graphene on polycrystalline Cu
ﬁlm on silicon wafer. Reprinted with permission from
Ref. 44. Copyright 2013 American Chemical Society.
Figure 14. (a) Molecular models of (+) and (¹) interdigitation patterns of DBA-OC10 and a chiral hexagonal unit formed by all
(+) type interdigitation pattern (top), all (¹) type interdigitation pattern (middle), and a non-uniform hexamer formed by
combination of (+) and (¹) interdigitation motifs (bottom). The black arrows in the chiral nanowell indicate the counterclockwise
and clockwise direction of the inner alkyl chains. (b) Models for all possible patterns of hexagonal units formed by combination of
(+) and (¹) interdigitation motifs are represented by red and black edge codes.
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cules, respectively, at the TCB/Au(111) interface (Figure 15).46
Preliminary experiments showed this trend of forming irreg-
ular porous networks was also observed in DBAs with longer
alkoxy chains. We tentatively attribute the formation of non-
uniform hexagonal units at the TCB/Au(111) interface primar-
ily to weaker alkyl chain­substrate interaction and mismatch
of registry.
5. Adaptivity of Triangular Building Blocks
in Self-Assembly at Liquid/Solid Interfaces
Since the fundamental criteria for the formation of porous
molecular networks of DBAs was clariﬁed as described in the
previous chapter, we planned to modify the porous network
for the purpose of using them as space to accommodate guest
molecules in selective, active, and reversible manners with
prospects of research that may ﬁnd applications in tailor-made
sensors and catalysts. It should be pointed out that the alkoxy
chains in the DBA building blocks are not only physically
modiﬁed by changing the alkyl chain length and its parity but
also chemically functionalized by introduction of a stereogenic
center or a functional group that would function as an active
binding site in the nanowell.
Moreover, the substitution pattern on the DBA core can
be controlled in such manners as an alternating substitution
with diﬀerent chains and functionalizing one among six alkyl
chains. Based on this synthetic versatility of the DBA building
blocks, we explored (i) pore size control by just changing the
alkoxy chain length and size recognition for co-adsorption of
aromatic guest molecules, (ii) study of the eﬀect of even or odd
number alkyl chains on the porous structure and the mixing
behavior of DBAs bearing even/odd chains, (iii) generation,
induction, and reversion of supramolecular chirality on sur-
faces by using DBAs bearing stereocenters in the alkoxy chains
and, (iv) chemical modiﬁcation of the pore interior for selec-
tive adsorption of guest molecules by introducing functional
groups, which exert non-covalent interactions with the guest
molecules or modify the pore size of the nanowell reversibly
in response to external stimuli. In addition, we accidentally
observed the formation of superlattice structures on surfaces
that originate from steric interactions between DBAs with
alkoxy chain of diﬀerent parity, and co-adsorption of guest
molecules.
5.1 Hexagonal Pore Size Control for Selective Guest Co-
adsorption. As described in sections 4.3­4.4, by adjusting
conditions we are able to form porous networks of DBAs con-
sisting of hexagonal nanowells of diameters ranging ca. 1.6 nm
(C6) to 4.7 nm (C20) at the liquid/solid interface. Solvent
molecules are co-adsorbed to occupy the void space of the
nanowells, and they are occasionally visualized by STM. How-
ever, when guest molecules which interact more strongly with
the graphite surface than the solvent molecule are present, they
can be immobilized in the nanowells by replacing the sol-
vent molecules. The mode and ease of guest co-adsorption are
dependent on the size- and shape-complementarity between the
guests and nanowells. From this point of view, we investigated
guest co-adsorption in the porous networks of DBAs and
bisDBAs with respect to (i) structural transformation of the
networks induced by co-adsorption of guest molecules, (ii)
selectivity in immobilization of guest molecule clusters, and
(iii) size- and shape-complementary in co-adsorption of two or
three diﬀerent guest molecules in the nanowells, forming multi-
component 2D assemblies.
Our initial experiments on 2D host­guest chemistry were
conducted using DBA-OC10­DBA-OC16 at relatively high
concentration (ca. 10¹4molL¹1 in TCB) and coronene (COR)
as a guest molecule.48 As shown in Figure 16a, in the honey-
comb network of DBA-OC10 bright but fuzzy spots are clearly
visible which are assigned to co-adsorbed COR molecules,
Figure 15. An STM image of a monolayer formed from
DBA-OC6 at the TCB/Au(111) interface at 1.3 © 10¹4
molL¹1. The blue, red, and yellow hexagons indicate
chiral (uniform alignment), achiral (alternating alignment),
and distorted (irregular alignment) nanowells, respectively.
Reprinted with permission from Ref. 46. Copyright 2012
American Chemical Society.
Figure 16. (a) STM image of the honeycomb network of
DBA-OC10 containing coronene (COR) molecules in
the pores and (b) model of a honeycomb pore of DBA-
OC14 containing seven molecules of COR. (c) Chemical
structures of hexakis(phenylethynyl)benzene (HPEB) and
phthalocyanine (PC). Reprinted with permission from
Ref. 48. Copyright 2007 John Wiley and Sons.
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though the exact number of the guests could not be determined.
As described in section 4.3, at this concentration regime the
non-porous patterns are the dominant network type of DBA-
OC14 and DBA-OC16. However, in the case of DBA-OC14,
upon addition of excess COR to the non-porous pattern formed
at the TCB/graphite interface, a nearly complete conversion
into the honeycomb structure was observed. Though the exact
number of COR guests could not be determined, a maximum
of seven COR molecules can ﬁt in the cavity as shown in
the model (Figure 16b). However, this guest-induced struc-
tural transformation did not occur eﬃciently for DBA-OC16,
although several honeycomb domains were observed. In addi-
tion to COR, hexakis(phenylethynyl)benzene (HPEB) and
phthalocyanine (PC) also induced as guests the non-porous-to-
porous transformation for DBA-OC14 (Figure 16c), indicat-
ing the importance of adsorption energy of guest molecules to
drive this structural change in spite of the diﬀerent symmetry
between the guest molecules and the host network.
The capacity of the hexagonal porous networks formed by
DBAs to accommodate shape-compliment triangular guest mol-
ecules was examined. For this purpose, triphenyldiphenanthro-
[3¤,4¤,5¤,6¤-efghi:3,4,5,6-uvabc]ovalene hereafter called “nano-
graphene” NG (Figure 17a)49 synthesized by Müllen was
employed as a guest.50 As expected, in the honeycomb network
of DBA-OC10 one molecule of NG was immobilized, though
it was observed as a large fuzzy spot owing to the mobility.
In the case of DBA-OC12, both fuzzy features due to mobile
single NG and bright features with elongated rhombus-like
shape which are ascribed toNG dimers were observed. The long
axis of the dimers is always pointing to two opposite corners of
the honeycomb pore, because the distance of the long axis of
the dimer ﬁts the corner-to-corner distance of the nanowell.
In the honeycomb network of DBA-OC14, no NG molecule
was observed at submolecular resolution presumably due to
its high mobility in the pore, and hence the number of NG
molecules immobilized in the void could not be determined.
Note, however, that the non-porous-to-porous transformation
took place similarly to the case withCOR guest. For DBAs with
longer alkoxy chains, DBA-OC16, DBA-OC18, and DBA-
OC20, honeycomb structures are formed nearly exclusively
in the presence of NG, indicating stronger eﬀect of NG than
COR to induce structural transformation to the porous pattern
due to stronger aﬃnity to graphite. In these cases, the individ-
ual guest molecules could be identiﬁed clearly. For DBA-
OC16, the number of guest molecules most frequently counted
in each void was four, though it varied from 2 to 5. The
orientation of the guest molecules is diﬀerent from one pore
to another, and the hexagonal shape of the nanowells is
also deformed (see Figure 14). In the honeycomb network of
DBA-OC18, ﬁve molecules of NG were observed most fre-
quently (70%) as shown in Figure 17b. In the case of DBA-
OC20, hexamers of NG are now the dominant species (85%)
(Figure 17c). Because six molecules of NG occupy the size of
the nanowell of DBA-OC20 (4.7 nm from edge-to-edge), the
NG hexamer looks like a sheet of pizza cut into six pieces. Thus
the number of guest molecules embedded in each nanowell
shows a clear dependence on the size of the pores. A few other
examples for immobilization of guest clusters in the pores
formed by molecular self-assembly are known.5b,51
Bimolecular clusters can also be immobilized in the hexag-
onal nanowells formed by DBAs. COR molecule serves as a
guest for a cyclic assembly of six molecules of isophthalic acid
(ISA) formed by hydrogen bonds between the carboxy groups.
This supramolecular heterocluster is immobilized in the honey-
comb network of DBA-OC10 via van der Waals interaction,
leading to a three-component 2D crystal.52 Namely, at the OA/
graphite interface, under which conditions DBA-OC10 itself
forms mainly the close-packed non-porous pattern, a mixture
of DBA-OC10, COR and ISA revealed the structural trans-
formation from non-porous to the nanoporous pattern. In each
nanowell a heterocluster consisting of COR surrounded by six
molecules of ISA is immobilized (Figure 18). For the higher
homologue DBA-OC12, although its close-packed 2D network
was also transformed into the honeycomb pattern upon addition
of an excess of COR+ISA, the majority of the cavities appear
fuzzy and featureless, possibly due to mobile COR mole-
cules or COR+ISA cluster which does not ﬁt to the nanowell.
Only DBA-OC10 immobilizes the COR+ISA clusters in its
cavities, demonstrating the strict complementarity in size and
shape for co-adsorption.
The hexagonal pores of the Kagomé network of bisDBA-
C12 can also be utilized to host the heterocluster of
COR+ISA.53 In addition, the smaller triangular space of the
Kagomé network is ﬁlled with a complimentary guest, triphen-
ylene (TRI), leading to the construction of a four-component
2D crystalline network. The experiments were also done using
1-octanoic acid as a solvent, under which conditions, bisDBA-
C12 formed exclusively a non-porous pattern. After ﬁne-
tuning for the molar ratio of the three guests (COR, ISA, and
TRI) and bisDBA-C12 to counterbalance a large diﬀerence in
Figure 17. (a) Chemical structure of “nanographene” NG. STM images of (b) DBA-OC18 containing mainly ﬁve NG molecules in
the pores and (c) DBA-OC20 containing mainly six NG molecules in the pores. Models are superimposed in (b) and white triangles
in (c) indicate NG molecules. Reprinted with permission from Ref. 50. Copyright 2008 American Chemical Society.
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the molecule­substrate interactions, a Kagomé structure was
formed (Figure 19). Each hexagonal void is ﬁlled with a
COR+ISA cluster, whereas the triangular voids are ﬁlled by
the TRI molecules. Control experiments showed that while
only COR+ISA (without TRI) transformed the structure and
the COR+ISA heteroclusters were immobilized in the hexag-
onal pores of the Kagomé structure, COR alone did not induce
the structural transformation from the non-porous structure of
bisDBA-C12. TRI also induced the formation of the Kagomé
structure of bisDBA-C12, and it ﬁlled both the hexagonal and
triangular pores. Modeling suggests that the size and shape of a
cluster of six TRI molecules ﬁts well to the hexagonal pore of
bisDBA-C12 like NG does for the nanowells of DBA-OC20.
It seems therefore that both heterocluster COR+ISA and TRI
are adsorbed to their best-ﬁt positions when all three guests are
mixed, indicating that the four-component 2D crystallization
is a cooperative process involving a synchronized interplay of
all components wherein the exact size matching between the
guests (and guest clusters) to each pore space is crucial.
5.2 Odd-Even Eﬀect. Odd-even eﬀects in straight chain
alkanes and alkyl groups are phenomena frequently observed in
supramolecular chemistry. For example, it has been shown that
in densely packed organic thin ﬁlms of alkanes the molecules
tend to exhibit an alteration of the network structures depend-
ing on the parity of the number of the methylene units.54 Such
eﬀect is also observed in binary mixture systems; mixtures of
primary linear alcohols that diﬀer by one methylene group
show ideal mixing if the shorter alcohol possesses an odd
number of carbon atoms.55 In contrast, if the shorter compo-
nent is even, co-crystals are formed. The occurrence of mixing
(random or ordered) on the surface rather than phase separa-
tion is ascribed to the similar symmetries of the unit cells of
the pure components.56 Similarly, odd-even eﬀect was also
observed in the self-assembled monolayers of DBAs in their
single component systems as well as in binary mixtures of
DBAs that diﬀer by one methylene group as described below.57
DBA-OCn derivatives with diﬀerent alkyl chain lengths (n =
11­16) were used for the experiments on the odd-even eﬀect at
the 1-phenyloctane (PO)/HOPG interface.
In the simpliﬁed model described in Figure 14a, the alkoxy
chains are drawn to orient orthogonal to the edge of the DBA
cores. However, close inspections of the orientation of the
monolayers with respect to that of the underlying graphite
lattice reveal that the alkyl chain orientation is diﬀerent between
DBA-OCnodd and DBA-OCneven bearing alkoxy chains with
odd or even number carbon atoms, respectively. Namely, the
unit cell alignment angle ¡ with respect to the HOPG lattice of
the C6-symmetric structures is diﬀerent between DBA-OCnodd
and DBA-OCneven as shown in Figure 20 for DBA-OC11 and
DBA-OC12. The mean angle ¡ of the domains of DBA-
OCnodd (n = 11, 13, 15) is 13° whereas it is 4.5° for DBA-
OCneven (n = 12, 14, 16). The diﬀerent angle ¡ in the networks
formed by DBA-OCnodd and DBA-OCneven was used as a
diagnostic criterion to identify even or odd alkoxy DBAs in
their binary mixtures as described below.
At the molecular level, the above tilt corresponds to the tilt
of the alkoxy chains from the orthogonal orientation to the edge
Figure 18. STM image of DBA-OC10 containing in each
nanowell a molecular cluster consisting of one COR
surrounded by six ISA molecules. The white line and
curved arrows indicate a domain boundary and CW/CCW
chirality of the honeycomb structure in each domain.
Models are superimposed. Reprinted with permission from
Ref. 52. Copyright 2008 American Chemical Society.
Figure 19. STM image of a mixture of bisDBA-C12,
COR, ISA, and TRI. The yellow arrow points to a TRI
molecule clearly visualized. Reprinted with permission
from Ref. 53. Copyright 2009 John Wiley and Sons.
Figure 20. High-resolution STM images of mirror image
domains of (a) DBA-OC11 and (b) DBA-OC12. Unit cells
are indicated in yellow. The HOPG main symmetry direc-
tions are represented by the black arrows at the left corner.
The HOPG reference axis used to measure the angle ¡ is
highlighted by a turquoise dotted line and curved arrow.
The CW and CCW domains have the alignment angles +¡
and ¹¡, respectively. The absolute values of ¡ depend on
even or odd number of the alkyl chains and the signs
depend on chirality of the honeycomb domains. Reprinted
with permission from Ref. 57. Copyright 2013 American
Chemical Society.
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of the DBA cores. This means, in addition to supramolecular
chirality arising from the (+)/(¹) directions for the interdigi-
tation of the alkyl chains on the surface (Figures 14a and 14b),
each DBA molecule possesses also speciﬁc molecular chirality,
here denoted as R-DBA or S-DBA depending on whether the
angle denoted as ª of the alkyl chains with respect to the DBA
edge is larger or smaller than 90° (Figure 21a). The experimen-
tally measured values of angle ª for DBA-OC12 are 85 « 3° or
95 « 3° (Figure 21c); the tilt angles of the alkyl chains from
90° are ca. 5°. The magnitude of the tilt angle from 90° for
DBA-OC13 is larger (Figure 21d), consistent with the larger
magnitude of ¡ than that of DBA-OC12. Therefore, at the
level of DBA dimers four diﬀerent combinations are possible
(Figure 21b). While R(+)/S(¹) and R(¹)/S(+) pairs are enan-
tiomeric and have the same stability, R(+)/S(+) or R(¹)/S(¹)
are diastereomeric pairs and therefore should have diﬀerent
stability. Intriguingly, existence of a speciﬁc combination de-
pends on the parity of carbons in the alkoxy chains: R(+) and
S(¹) for DBA-OCneven, while R(¹) and S(+) are most favora-
ble for DBA-OCnodd (Figures 21c and 21d). The observed
odd-even eﬀect in porous 2D assemblies originates from the
asymmetry in van der Waals interactions of the interdigitated
alkyl chains and DBA core, which was supported by molecular
mechanics calculations for simpliﬁed dimer models.
An interesting odd-even eﬀect was observed in bi-
component mixtures of DBA-OCn bearing alkoxy chains that
diﬀer by one methylene unit, including 1:1 (molar ratio)
premixed solutions of DBA-OC11/DBA-OC12, DBA-OC12/
DBA-OC13, DBA-OC13/DBA-OC14, DBA-OC14/DBA-
OC15, and DBA-OC15/DBA-OC16 in PO (total concentra-
tions: ca. 10¹6molL¹1). As shown in Figure 22 for mixtures of
DBA-OC12/DBA-OC13 and DBA-OC15/DBA-OC16, po-
rous networks are formed for allmixtures. However, by detailed
analysis of the relative abundance of diﬀerent types of hexag-
onal pores, their distributions on the surface can be classiﬁed
into two types; (A) when the alkoxy chains ofDBA-OCneven are
smaller than that of DBA-OCnodd (DBA-OC12/DBA-OC13
and DBA-OC14/DBA-OC15 systems), the surface is mainly
covered with domains of porous patterns of C6-symmetry
(Figure 22a), and (B) when the alkoxy chains of DBA-OCnodd
are smaller than that of DBA-OCneven (DBA-OC11/DBA-
OC12, DBA-OC13/DBA-OC14 and DBA-OC15/DBA-
OC16 systems), the surface is mainly covered with non-C6-
symmetric hexagons of lower symmetry (Figure 22b).
Though direct assignment of the adsorbed DBA mole-
cules by STM is not possible because of the small diﬀerence
Figure 21. (a) Models showing molecular chirality ofDBA-
OCn, R-DBA (ª > 90°) or S-DBA (ª < 90°) generated by
adsorption on a surface and (b) models for combination
of the molecular R/S chirality of DBA-OCn to exhibit
supramolecular chirality due to the alkyl chain interdigita-
tion pattern yielding four diﬀerent types of dimers and C6-
symmetric hexamers. (c) STM images of a CCW domain of
DBA-OC12 and (d) a CCW domain of DBA-OC13. The
blue dotted square represents a 90° angle with respect to the
edge of the DBA core, the dark dotted line indicates the
alkyl chain direction, and the angle between them deﬁnes
the tilt angle ª which is characteristic to DBA-OC12 and
DBA-OC13. The black curved arrow indicates the CW/
CCW supramolecular chirality of the C6-symmetric struc-
ture in each domain. Reprinted with permission from
Ref. 57. Copyright 2013 American Chemical Society.
Figure 22. (a) STM image of DBA-OC12/DBA-OC13
with domains of CW or CCW hexagons. The + (clock-
wise) or ¹ (counterclockwise) direction of angle (¡)
between the unit cell vector (yellow dotted line) and the
HOPG reference axis (blue dotted line) is indicated by blue
curved arrow. The black curved arrow indicates the CW/
CCW supramolecular chirality of the C6-symmetric struc-
ture in each domain. The domain borders are highlighted
by the white lines. (b) STM image of DBA-OC15/DBA-
OC16 in which the domain is covered with non-C6-
symmetric hexagons. (c) Chemical structure of cDBA-
OC13(R). Reprinted with permission from Ref. 57. Copy-
right 2013 American Chemical Society.
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between the alkoxy chain lengths, for the regular hexagons of
C6-symmetry, it is possible to identify which DBA molecule
constitutes each domain on the basis of the unit cell alignment
angle ¡ with respect to the HOPG lattice as described for single
component networks (Figure 20). Namely, the angle ¡ in the
domains of C6-symmetric hexagons formed from DBA-OC12/
DBA-OC13 and DBA-OC14/DBA-OC15 mixtures show
clear bimodal distribution with maxima at 5.1 and 12.9°, and
4.9 and 13.5°, respectively. The observed angles (ca. 5° and ca.
13°) correspond to those of the single component networks of
DBA-OCneven and DBA-OCnodd, respectively. Consequently,
it is deduced that self-assembly of the DBA-OCn mixtures in
which neven is smaller than nodd leads to phase separation on
the surface (Figure 22a).
For the disordered phase formed by DBA-OCn mixtures in
which nodd is smaller than neven, similar analysis cannot be
applied, because disorder indicates random mixing of both
components. To conﬁrm the random mixing, we used as a
marker molecule cDBA-OC13(R) (Figure 22c) which has a
stereocenter in each alkoxy chain, because it can be readily
distinguished from DBAs without stereocenters by its appear-
ance with dark edges as described in the next section. As ex-
pected, a binary mixture of DBA-OC12 with cDBA-OC13(R)
exhibited phase separation, wherein domains consisting of
hexagons with dark contours (domains of cDBA-OC13(R))
and those without the marker (domains of DBA-OC12) were
observed. In contrast, for a solution of cDBA-OC13(R)/DBA-
OC14, dark contour molecules are distributed randomly, con-
ﬁrming random mixing of two components in the disordered
domains.
While thermal annealing of mono-component systems leads
to disappearance of the lower symmetry hexagons, leading to
larger domains of the ordered hexagonal networks, unexpect-
edly, annealing of the disordered domains formed by a mix-
ture of DBA-OC11 and DBA-OC12 led to a formation of a
superlattice structure comprising both C6- and C2-symmetric
pores as described below. The formation of such complex self-
assembled systems of high level of periodicity, typically called
superlattice or superstructure, remains a challenge in on-surface
2D supramolecular chemistry, in spite of intense interest in
understanding principles governing highly organized architec-
tures and potential applications in nanopatterning.58
Similar to the mono-component systems, annealing DBA
mixtures in which DBA-OCnodd was larger than DBA-OCneven
resulted in disappearance of all non-C6-symmetric pores, which
co-existed at room temperature, leaving on the surface only
large separated phases of pure components. Interestingly,
although the experiments were done with equimolar mixtures
of DBAs, at elevated temperatures there was signiﬁcant
preferential adsorption (>90%) of shorter DBAs with even-
numbered alkyl chains because of larger adsorption energy of
DBA-OCneven due to better matching in alkyl chain interdi-
gitation. On the other hand, thermal annealing of DBA mix-
tures in which DBA-OCneven was larger than DBA-OCnodd led
to the formation of a new highly ordered structure compris-
ing both C6- and C2-symmetric pores (Figures 23a­23d). This
structure has two distinct sites; DBAs forming C6-symmetric
rings and single DBAs connecting those rings into the per-
fectly hexagonal superstructure by forming six surrounding C2-
symmetric rings (Figure 23e). Such superstructure was never
observed in self-assembly of single component systems and
thus has to contain both components. Finally, experiments with
marker molecules (cDBA-OC13(R)+DBA-OC14 mixture)
have allowed to identify that in the superstructure DBA-
OCneven and DBA-OCnodd occupy the C6-symmetric and C2-
symmetric sites, respectively.
Molecular mechanics calculations support the diﬀerent
behavior depending on the parity of the larger/smaller alkyl
chains of the DBA mixtures. When nodd is larger than neven, the
energy of intermolecular interactions of the heterodimer is
lower than the average of intermolecular binding energies of the
homodimers, due to a mismatched interdigitation of the alkyl
chains and ineﬀective packing with a gap between some of
the methyl groups of DBA-OCneven and DBA cores of DBA-
OCnodd. In this case phase separation is favored as observed
Figure 23. (a, b) STM images of the 1:1 binary mixture
of DBA-OC11/DBA-OC12 after a thermal annealing at
80 °C. New chiral superstructure is observed containing
ordered combinations of chiral C6- (ﬁlled green or red) and
achiral C2-symmetric (open green or red) hexagons. (c, d)
Enlarged areas inside the white squares of the correspond-
ing top images. (e) A molecular model of the supra-
molecular structure of the highly ordered 2D co-assembly
formed from DBA-OC11 and DBA-OC12 after thermal
annealing. Reprinted with permission from Ref. 57. Copy-
right 2013 American Chemical Society.
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experimentally. On the other hand, when neven is larger than
nodd, the energy of intermolecular interactions of the hetero-
dimer is higher than the average of intermolecular binding ener-
gies of the homodimers due to matched interdigitation of the
alkyl chains, leading to a favorable mixing of both DBAs.
In the bi-component systems of DBA-OCneven bearing alkyl
chains that diﬀer by more than two methylene units, phase
separation or mixing behavior was observed depending on the
mixed components. For binary mixtures which diﬀer in the
alkoxy chain length by two methylene units, mixed domains
are observed in addition to phase-separated domains of each
component. For example, a mixture of DBA-OC14 and DBA-
OC16 exhibits phase separation with pure domains of the
porous pattern of DBA-OC14 and the nonporous pattern of
DBAOC16 and a considerable fraction of mixed domains
consisting of both components at the TCB/graphite interface.59
However, for a mixture of larger alkoxy DBAs such as DBA-
OC16 and DBA-OC18, it becomes diﬃcult to evaluate the
phase behavior because of the smaller proportional diﬀer-
ence between the alkoxy chain lengths. As the alkoxy chain
length diﬀerence increases to four methylene units, such as
DBA-OC14 and DBA-OC18, the phase separation becomes
more pronounced, due to the increased diﬀerence in their unit
cell parameters. For mixtures DBA-OC14/DBA-OC20 and
DBA-OC10/DBA-OC20 with larger alkoxy chain length dif-
ferences, complete phase separation was observed without
mixing.
On the basis of the above observations, we predicted that a
DBA molecule containing four short and two long alkyl chains
would self-assemble to form porous networks by recognizing
the alkyl chain of equal lengths. Therefore we designed a C2v
building block, DBA-(OC10)2OC20, with four C10 and two
C20 alkyl chains (Figure 24). We expect the formation of two
diﬀerent porous networks belonging to plane groups of p2 and
p6.7a We indeed found that under certain conditions with regard
to solvent, concentration, and temperature, either p2 or p6
pattern can be exclusively formed at the solvent/HOPG inter-
face despite the fact that they have nearly equal packing
densities.60
At low concentration in TCB (4.5 © 10¹6molL¹1) DBA-
(OC10)2OC20 formed a porous monolayer consisting of the
p2 and p6 structures in an approximate ratio of 7:3 at room
temperature (Figure 25). However, annealing at 50 °C resulted
in the transformation into the p2 form exclusively, indicating it
is a thermodynamically more favorable phase. This is in accord
with the Monte Caro simulations of a simpliﬁed model on a
surface, which indicate that the p6 structure is metastable with
exceptionally long lifetime. On the other hand, whereas the p2
and p6 domains were observed in a nearly 1:1 ratio in PO at
3 © 10¹6molL¹1, at very dilute conditions (1 © 10¹6molL¹1)
the p6 structure was observed exclusively. The preference of
the p6 form in PO may be due to favorable co-adsorption of
the solvent molecules in the pores, stabilizing this form. The
resulting nanowells were utilized for selective adsorption of
guest molecules and their clusters through precise recognition
of the size and shape of the porous space.
5.3 Supramolecular Chirality. Prochiral molecules in
three-dimensional (3D) space can become chiral when conﬁned
at a surface, as exempliﬁed by 1-nitronaphthalene and naphtho-
[2,3-a]pyrene which form chiral domains by adsorption.61,62
These chiral domains are formed in equal proportions in the
absence of any chiral bias, maintaining the system globally
achiral. On the other hand, molecules which do not exhibit
chirality at a single molecular level can assemble on a sur-
face to produce homochiral domains exhibiting supramolecular
chirality.63 Moreover, addition of a small amount of a chiral
molecule to a self-assembled monolayer of achiral molecules
can perturb the distribution of left- and right-handed domains,
ultimately to either one of handedness.64 This is a 2D analog
of the sergeant-and-soldier principle, that has been exten-
sively studied for control of supramolecular chirality in 3D
space.65
As described above in Figures 14 and 21, this is also the
case for DBAs bearing simple alkoxy chains; although they are
achiral in 3D space, they exhibit chirality at not only molec-
Figure 24. Schematic representation for the formation of
two porous networks of p2 and p6 types by self-assembly
of C2v building block, DBA-(OC10)2OC20. Reprinted
with permission from Ref. 60. Copyright 2012 American
Chemical Society.
Figure 25. STM images of (a) the p2 symmetry packing
and (b) p6 symmetry packing of the self-assembled mono-
layer of DBA-(OC10)2OC20 at the TCB/HOPG interface.
Reprinted with permission from Ref. 60. Copyright 2012
American Chemical Society.
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ular but also supramolecular levels in 2D. For example, DBA-
OC12 forms enantiomeric domains, i.e., clockwise (CW) and
counterclockwise (CCW) domains each consisting of (¹) and
(+) interdigitation patterns of the alkyl chains, respectively
(Figure 14), in equal proportions. Figure 26a shows CW and
CCW domains of DBA-OC12 at the PO/graphite interface
with a domain boundary between them. By using chiral DBAs
(cDBAs) bearing a chiral center at C2-position of each alkyl
chain instead of achiral DBA-OC12, we were able to con-
trol the global chirality. In addition, chirality induction was
achieved for self-assembled monolayer of DBA-OC12 by
addition of the chiral DBA as a chiral inducer via a sergeant-
and-soldier mechanism. Moreover, we incidentally found
another, unique chirality induction mechanism, which was
diﬀerent from the sergeant-and-soldier mechanism, resulting in
the reversal of chirality of monolayer of DBA-OC12.66
By simply using chiral cDBA-OC12(S) (Figure 26d) having
S stereochemistry at the chiral center in each alkyl chain, the
surface was covered entirely by CW domains at the PO/HOPG
interface (Figures 26b and 26c). Use of the enantiomer cDBA-
OC12(R) or its homologue cDBA-OC13(R) (chemical struc-
ture: Figure 22c) resulted in the formation of homochiral,
antipodal CCW monolayer.66 This observation can be ex-
plained in terms of steric eﬀect of the stereogenic methyl
groups in the interdigitated alkyl chain of two neighboring
DBA molecules. For example, when cDBA-OC12(S) mole-
cules are linked by alkyl chain interdigitation, three methyl
groups in a molecule orient “up” with respect to the graphite
surface, whereas the other three are imposed to orient “down”
because the alkyl chains adopt a nearly straight, extended
conformation (Figure 27a) The latter three methyl groups are
located intrinsically under an unfavorable environment due
to steric repulsion to the graphite surface. When two adjacent
alkyl chains in a cDBA-OC12(S) molecule are interdigitated
with a counterpart molecule, there are two possible interdigi-
tation patterns, (¹) and (+), similar to the case of achiral
DBAs. However, their steric environments are diﬀerent; in the
(¹) mode, the up-oriented methyl groups locate at the inner
position, whereas the down-oriented methyl groups are at the
outer position. The situation is reversed in the (+) mode,
wherein the up- and down-oriented methyl groups locate at
the outer and inner positions, respectively. The latter (+) mode
is less favorable than the (¹) mode, because it will be more
diﬃcult to avoid steric repulsion for the down-oriented methyl
groups when they locate at inner rather than outer positions.
Molecular mechanics calculations done for model hexamers
composed by six cDBA-OC12(S) (two alkoxy chains in a
molecule replaced by methoxy groups) arranged in (¹) and (+)
modes on a bilayered graphene supported this view; the model
hexamer of the (¹) mode is 9.7 kcalmol¹1 more stable than that
of the (+) mode (Figures 27b­27e).
cDBA-OC12(S) served as a chirality inducer for the self-
assembled monolayer of achiral DBA-OC12. cDBA-OC12(S)
was premixed in PO solution of DBA-OC12 at diﬀerent ratios,
biasing the 2D chirality toward the CW form (Figure 28a).66,67
However, chirality induction was not very eﬃcient; a homo-
chiral CW system was achieved by mixing cDBA-OC12(S)
by up to 30%. To improve the eﬃciency of chirality induction
cDBA-OC12(S)OC13(R) (chemical structure: Figure 26d),
having C12 alkyl chain with an S stereocenter and C13 alkyl
chain with an R stereocenter in an alternate fashion, was
derived from DBA-OTBS/OMOM bearing orthogonal pro-
tecting groups. DBA-OTBS/OMOM in turn was prepared
selectively by cross-coupling reaction of iodoalkyne 2, which
was readily derived from commercially available dimethoxy-
benzaldehyde 1 (Scheme 1). It should be pointed out that due
to the S,R stereochemistry at the stereocenters, all methyl
groups of DBA-OC12(S)OC13(R) can orient “up” with respect
Figure 26. (a) STM image showing CW and CCW domains of DBA-OC12 with domain boundary between them indicated by the
white line. (b, c) STM images of cDBA-OC12(S) in which the domain is covered by the CW pattern. (d) Chemical structure
of DBA-OC12, cDBA-OC12(S), cDBA-OC12(R), and cDBA-OC12(S)OC13(R). Reprinted with permission from Ref. 66.
Copyright 2011 Macmillan Publishers Limited.
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to the graphite surface, in contrast to the case of DBA-OC12(S)
(Figure 27a). Due to the additional steric eﬀect arising from
the match/mismatch between the alkyl chain lengths (C12 vs.
C13) of cDBA-OC12(S)OC13(R) and DBA-OC12, the eﬃ-
ciency of chirality induction was improved considerably; by
mixing 10% of cDBA-OC12(S)OC13(R) the entire system
turned to the CW structure (Figure 28b).
In the STM images containing cDBAs, we found some of
the DBA cores look as if they have black edges around the
bright triangles (Figure 29a). Although we do not understand
the exact reason for the diﬀerent appearance, we attribute such
DBA core to those of cDBAs, because they were observed only
when cDBAwas mixed. The proportion of the black-edge DBA
was essentially identical to that of cDBA in solution when
cDBA-OC12(S)OC13(R) was mixed as a chirality inducer,
indicating similar adsorption energies of cDBA-OC12(S)-
OC13(R) and DBA-OC12. On the other hand, the ratio of the
black-edge DBA was much less when cDBA-OC12(S) was
used, implying smaller adsorption energy of cDBA-OC12(S)
than that of DBA-OC12. This is consistent with the fact that
while cDBA-OC12(S)OC13(R) does not have “down” methyl
groups due to its S,R conﬁgurations of the stereo centers,
cDBA-OC12(S) has three unfavorable methyl groups as dis-
cussed above (Figure 27a).
During the course of our research on 2D chirality, we en-
countered unexpectedly several interesting observations. First,
we noticed an interesting phenomenon, which we refer to as
enantioselective quasi-self-adsorption.68 As described above, a
Figure 27. (a) Top and side views of a molecular model of cDBA-OC12(S). Methyl carbon atoms are shown in green. (b, c) (+) and
(¹) interdigitation modes of alkyl chains, respectively, of a pair of cDBA-OC12(S) molecules. (d, e) Model hexamers of cDBA-
OC12(S) having CCW and CW structures, respectively, assembled on a bilayered graphene. Reprinted with permission from
Ref. 66. Copyright 2011 Macmillan Publishers Limited.
Figure 28. (a) Composition-dependent induction of 2D chirality of the self-assembled monolayer of DBA-OC12 by cDBA-
OC12(S), showing the ratio of the CW (blue) and CCW (red) structures as well as distorted hexagonal structure (green). (b) The
result of the same experiments using cDBA-OC12(S)OC13(R) as an inducer. Reprinted with permission from Ref. 66. Copyright
2011 Macmillan Publishers Limited.
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premixed solution of 30mol% cDBA-OC12(S) and 70mol%
DBA-OC12 at a total concentration of 2.5 © 10¹6molL¹1 self-
assembles at the PO/graphite interface, forming ampliﬁed
clockwise (CW) hexagons (95 « 3% CW structure). As shown
in Figure 29a lower right, in the CW network cDBA-OC12(S)
molecules are identiﬁed due to the dark rim around the bright
central triangular core, indicating they serve as chirality in-
ducers via the sergeant-and-soldier mechanism.
While most of the pores in the network are empty, some
pores appear brighter than the rest, imaged in diﬀerent appear-
ance (assigned as incorporated (I), fuzzy (F), and half-fuzzy (H)
shown in Figure 29b), suggesting that such pores are ﬁlled by
molecular species. The diﬀerent occupation appearance of the
guest must be due to their diﬀerent mobility. Interestingly,
there is a clear diﬀerence in occupation of the pores of CW and
CCW domains; assuming that the nanowells are occupied for
all three types of guest appearance, the CCW domains shows a
higher degree of occupied pores than the CW domains; only
34% CCW pores are empty in contrast to 85% empty pores
in the CW domains. The opposite tendency was observed for
monolayers formed from mixtures of cDBA-OC12(R) and
achiral DBA-OC12; only 63% CW pores are empty versus
83% CCW empty pores.
We attributed the species entrapped in the nanowell to cDBA
molecules, because the guest was preferentially adsorbed in
CCW domain when cDBA-OC12(S) was used as an inducer,
and the mirror image relationship was observed depending on
whether cDBA-OC12(S) or cDBA-OC12(R) was used. More-
over, for the bright feature assigned as incorporated, the guest
molecules appear as a bright round blob surrounded with some
kind of ﬁne structure. The bright blob and the surrounding
ﬁne structure are tentatively attributed to the cDBA core and
alkyl chains, respectively (Figure 29b (I)), suggesting cDBA
molecule is incorporated in the nanowells in its windmill-
like conformation. To conﬁrm the preferential adsorption in
the CW or CCW nanowells, molecular mechanics calculations
were performed for CW and CCW type DBA-OC12 hexa-
mer models incorporating cDBA-OC12(S) in its windmill-
like shape (Figure 29c). As a result, cDBA-OC12(S) in the
CCW nanowell is more favourable than in the CW form by
6 kcalmol¹1. The major contribution to this energy diﬀerence
is less van der Waals contacts between the methylene units
when the chirality of the host does not match the direction of
the windmill-like conformation of the guest. Thus it appears
that chiral recognition occurs via alkyl chain interactions.
In the above quasi-self-adsorption, only cDBA serves as a
guest, whereas more abundant achiral DBA does not. The rea-
son for this selectivity can be explained in terms of the unfavo-
rable methyl groups in cDBA as shown in Figure 30. Namely,
for cDBA with the same sense of chirality in a molecule such
as cDBA-OC12(S) or cDBA-OC12(R), three methyl groups
must orient “down” when the alkyl chains adopt a straight con-
formation as described above (Figure 27a). Even when excess
cDBA molecules to serve as chirality inducers are present in
solution as in the present case, they cannot be adsorbed as far
as the alkyl chains maintain the straight conformation due to
smaller adsorption energy compared to achiral DBA. On the
other hand, if the alkyl chains bearing the unfavorable methyl
groups turn to adopt a bent conformation, the methyl groups
orient “up,” avoiding the unfavorable interaction and thereby
Figure 29. (a) STM image of a premixed solution contain-
ing 30mol% cDBA-OC12(S) and 70mol% DBA-OC12.
The white line marks the boundary between a CCW
domain (upper left) and CW domain (lower right). The
scale bar measures 5 nm. The red arrows indicate cDBA-
OC12(S) molecules with black rims incorporated in the
network of DBA-OC12. (b) Examples of diﬀerent types
of pores: clear, fuzzy, half and empty observed using
30mol% cDBA-OC12(R) and 70mol% DBA-OC12. In
the clear image the alkyl chains of the gust molecules are
marked with red arrows. (c) Model hexamers of CCW form
(left) and CW form (right) of DBA-OC12 on a frozen
graphene ﬂake bearing cDBA-OC12(S) in the nanowell.
Reproduced from Ref. 68 with permission from The Royal
Society of Chemistry.
Scheme 1. Key steps for preparation of alternately substituted DBA, DBA-OR1OR2, including cDBA-OC12(S)OC13(R) from
DBA-OTBS/OMOM, which was prepared from dimethoxybenzaldehyde 1 via iodoalkyne 2.
1296 | Bull. Chem. Soc. Jpn. 2016, 89, 1277–1306 | doi:10.1246/bcsj.20160214 © 2016 The Chemical Society of Japan
making adsorption energy larger. Bending the remaining three
alkyl chains in the same direction results in the windmill-like
shape in a homochiral direction. In this form cDBA molecule is
competitive enough to be adsorbed in the nanowells which is
otherwise occupied by mobile solvent molecules.
The second unexpected observation is the selectivity be-
tween linear vs. honeycomb patterns.69 It was revealed that
cDBA-OC12(S) showed remarkably higher preference to form
honeycomb network compared to achiral DBA-OC12. As
described in sections 4.3, solute concentration aﬀects signiﬁ-
cantly the selectivity toward the formation of densely packed
linear or porous honeycomb networks of simple DBAs at
the TCB/graphite interface; at low concentration the porous
network is promoted, while at higher concentration the densely
packed linear structure is favored. Concentration dependence of
cDBA-OC12(S) was investigated at the PO/HOPG interface
and compared with DBA-OC12 in the concentration range of
2.5 © 10¹6 to 1.3 © 10¹3molL¹1.
As shown in Figure 31, where the honeycomb coverage is
plotted as a function of concentration, the honeycomb structure
of cDBA-OC12(S) turned out to be much less sensitive to the
concentration compared to achiral DBA-OC12. The composi-
tion of the honeycomb structure of cDBA-OC12(S) is almost
independent on the concentration; even at such high concen-
tration as 1.3 © 10¹3molL¹1, the honeycomb structure still
occupies more than 90% of the surface area. In contrast, in
the case of DBA-OC12, the concentration should be lower
than 1 © 10¹5molL¹1 to maintain the porous network with the
coverage of more than 90%.
In order to understand these diﬀerences in honeycomb
coverage between chiral and achiral DBAs, the thermodynamic
model of eq 1 (section 4.3) was applied. The experimentally
obtained K value for cDBA-OC12(S), which represents an
equilibrium constant for the transition from a linear phase into
a porous phase (see Figure 9), has a larger share of porous
phase (K = 26.3) compared to DBA-OC12 (K = 0.14), con-
sistent with the STM observation. The slope m of eq 1 repre-
sents the ratio of molecular density between the porous and
linear phase in a particular system. For cDBA-OC12(S), the
experimentally determined m value from the unit cell parame-
ters was 1.01, implying an equal packing density of the porous
and linear phase, which is counterintuitive in view of the
clearly diﬀerent unit cells. However, as can be seen in one of
the nanowells in Figure 26c, fuzzy features attributed to mobile
cDBA-OC12(S) molecules trapped inside were observed. The
presence of additional cDBA-OC12(S) molecules inside the
honeycomb nanowells results in a larger packing density,
explaining the smaller m value than that expected from the unit
cell parameters. Thus cDBA-OC12(S) exhibits higher prefer-
ence to form the honeycomb network compared to achiral
DBA-OC12 at the PO/graphite interface due to true self-
adsorption in its nanowell to stabilize the honeycomb phase by
increasing the surface density. The smaller m value of 1.23 for
DBA-OC12 than that in TCB (1.53) can also be explained in
terms of self-adsorption of DBA-OC12 in its nanowell in PO
solution, which is negligible in TCB.
The third unexpected observation was a most impressive
phenomenon, chirality reversal.70 During the experiments using
chiral DBAs thus far described, we did not pay special atten-
tion to the eﬀect of solute concentration and temperature on
2D chirality. However, as we revealed an important role of
temperature in determining the linear vs. porous networks of
achiral DBAs (section 4.4), we found crucial eﬀects of solute
concentration and temperature on chirality induction mecha-
nisms of the molecular networks.
A low-concentration solution of DBA-OC12 in PO contain-
ing 10mol% cDBA-OC12(S) (5.0 © 10¹7molL¹1) on HOPG
exhibited 91% CW structure at room temperature. When this
solution was annealed slowly (2 °Cmin¹1) to 80 °C (STM
observation done after cooling down to room temperature),
Figure 30. Schematic presentation for the conversion from straight alkyl chain to windmill conformations of cDBA-OC12(S).
Methyl carbon atoms are shown in green. (Step 1) The unfavorable methyl groups indicated by open arrows turn to orient the
methyl groups “up” thereby making the alkyl chain bent. (Step 2) Bending of the other three alkyl chains in the same direction
forming the windmill-like shape.
䕔 DBA-OC12
䕔 cDBA-OC12(S)
Figure 31. Dependence of honeycomb coverage of DBA-
OC12 (green squares) and cDBA-OC12(S) (blue squares)
on the concentration of PO. Reprinted with permission
from Ref. 69. Copyright 2015 AIP Publishing LLC.
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coalescence of domains took place, and more importantly, the
surface was exclusively covered with CW nanowells after
annealing. This result is interpreted in terms of Ostwald ripen-
ing which promotes the growth of CW domains consuming
the unfavorable CCW domains. Annealing of the samples thus
improved the eﬃciency of chiral induction. By careful inspec-
tion we also noticed that cDBA molecules with characteristic
black edges were not included in the network after annealing,
indicating that the homochiral surface was entirely composed
of achiral DBA molecules. This observation implies desorption
of cDBA-OC12(S) during the annealing step due to its lower
adsorption energy relative to DBA-OC12.
Annealing experiment carried out with the 10mol% cDBA-
OC12(S)/DBA-OC12 system at higher concentration (2.5 ©
10¹6molL¹1) resulted in a striking result of chirality reversal.
Whereas at room temperature 81% of the surface was covered
by CW nanowells, upon annealing at 80 °C, the system turned
into a homochiral network of CCW nanowells which formed
large domains due to ripening (Figures 32a and 32b). At inter-
mediate concentrations, the system showed varying degree of
chiral induction after annealing as shown in the histograms in
Figure 32c. The monolayer obtained from an antipodal mixture
of cDBA-OC12(R)/DBA-OC12 gave rise to CW homochiral
surface after annealing, conﬁrming the reversal of the majority
handedness under similar experimental conditions. As expect-
ed, in the absence of cDBA, the monolayer of DBA-OC12
always remained globally racemic even after annealing.
In 2D crystal growth, initial nucleation is followed by free
growth of the domains, which is terminated when the domains
touch each other at the domain boundaries. Once the entire
surface is covered with molecules, ripening starts between
neighboring domains via a net ﬂux of molecules from one
domain to the other. The cDBA-OC12(S) molecules respond
diﬀerently to the increase in the concentration and temperature.
(1) They are incorporated in the CW network of DBA-OC12
as sergeants at room temperature to deﬁne the chirality of the
domain (Figures 28b and 28c). Upon annealing the handedness
of the system is ampliﬁed via a ripening process. However, due
to lower adsorption energy of cDBA-OC12(S) than that of
DBA-OC12, the sergeant molecules are desorbed from the
surface during the annealing process. (2) The cDBA-OC12(S)
molecules occupy CCW nanowells preferentially as guests
adopting a windmill-like conformation (Figures 29 and 30) to
form stable host­guest complexes. Such enantioselective guest
inclusion increases the relative stability of the CCW domains.
The percentage of the cDBA-OC12(S) guests depends on the
total solution concentration. At relatively high concentration,
additional stabilization of the monolayer occurs via host­guest
(c)
Figure 32. (a) STM image of DBA-OC12 containing 10mol% cDBA-OC12(S) at the PO (2.5 © 10¹6M)/HOPG interface at room
temperature. The surface consists of 81% CW and 19% CCW nanowells. (b) STM image of the same solution after annealing at
80 °C followed by cooling down to room temperature. The surface is covered entirely by the CCW domain. (c) Histograms of
concentration-dependent chirality induction observed at room temperature and after annealing at 80 °C. The orange and blue bars
indicate CCW and CW domains, respectively. Reprinted with permission from Ref. 70. Copyright 2016 Macmillan Publishers
Limited.
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complexation. Under such conditions, the more stable CCW
domains containing cDBA-OC12(S) evolve by annealing via a
ripening process to amplify the CCW nanowells, from which
cDBA molecules are ﬁnally desorbed leaving the memory
of the network structure. The fact that at the intermediate con-
centrations the system does not reach a homochiral surface
(Figure 32c) is explained in terms of the relation between the
rate of ripening and the length of domain boundaries. Namely,
as ripening progresses, the rate of ripening decreases because of
the decreasing domain boundaries due to increasing domain
size. At a certain point, the ripening process reaches equi-
librium, and the domain boundaries simply oscillate as was
experimentally observed.
On the basis of the mechanistic considerations, we exam-
ined the control for the chirality ampliﬁcation process, either
by sergeant-and-soldier or host­guest mechanism, by molec-
ular design of the inducer/guest molecules. As described
before, cDBA-OC12(S)-OC13(R) serves as a more eﬀective
chirality inducer than cDBA-OC12(S) to induce the CW
network with much smaller proportion. However, the cDBA-
OC12(S)OC13(R)/DBA-OC12 system (6% cDBA: 2.5 ©
10¹6molL¹1) did not show reversal of chirality upon anneal-
ing, because cDBA-OC12(S)OC13(R) did not serve as a guest
in either CCW or CW nanowell. On the other hand, chirality
ampliﬁcation via the host­guest pathway was achieved by
employing a combination of cDBA-OC12(S) and DBA-OC10.
In this case, cDBA-OC12(S) cannot act as a sergeant due to
its longer alkoxy chains. Sequential deposition of DBA-OC10
(1.0 © 10¹6molL¹1, 20¯L) followed by cDBA-OC12(S)
(3.0 © 10¹5molL¹1, 20¯L) at room temperature furnished
equal surface coverage of the opposite-handed domains of
DBA-OC10 without any cDBA-OC12(S) sergeants, indicating
lack of sergeant-and-soldiers eﬀect. However, cDBA-OC12(S)
molecules are adsorbed as guests preferentially in CCW nano-
wells. Annealing this system led to a CCW homochiral surface
of DBA-OC10 with considerable cDBA-OC12(S) guest mole-
cules remaining adsorbed. These experiments using diﬀerent-
sized guest DBAs for the host­guest based chirality induction
pathway conﬁrms the high ﬁdelity of the proposed mechanism.
5.4 Functionalization of Pore Interior. Host­guest
recognition events, or molecular recognition in general, that
take place in 3D space (i.e., solution, crystalline solid, liquid
crystals, gels, membranes, and so on) are based on various non-
covalent interactions including van der Waals force, hydrogen-
bond, ion­dipole and dipole­dipole interactions.71 In addition
numerous host molecules that can change binding properties
in response to external stimuli such as light irradiation and
oxidation­reduction have been designed and synthesized to
endow the host molecules with more sophisticated functions.72
As described in section 5.1, the shallow nanowells formed by
self-assembly of simple DBA molecules can be used as space
for accommodating guest molecules which are adsorbed on
the graphite surface by replacing the adsorbed solvent mole-
cules, though the adsorption­desorption process is in principle
dynamic with respect to the time-scale of STM measurement.
Guest molecules are conﬁned in the nanowell in a size- and
shape-compatible manner via solely van der Waals interac-
tion between the rim of the nanowells and the lateral periphery
of the guest molecule(s). Taking into account the advances
in host­guest chemistry in 3D space, it is obvious that the
following challenges remain in pursuit in 2D space; (1) modi-
ﬁcation of the chemical environment of the 2D nanowells
in a manner that guest binding takes place via non-covalent
interactions other than van der Waals forces and (2) reversible
modiﬁcation of guest-accommodating properties of the nano-
well in response to external stimuli. There are a few reports on
the modiﬁcation of 2D pores with space-controlling groups that
recognize the size and shape of guest molecules.17d,19 How-
ever, the construction of 2D pores equipped with functional
groups capable of binding speciﬁc neutral guest molecules via
polar noncovalent interactions has scarcely been achieved. No
stimuli-responsive 2D pores that changes physical or chemical
environment have been reported. We envisioned these objec-
tives could be achieved by introducing appropriate functional
groups at the end of three alternate alkyl chains of DBAs,
called second-generation DBAs, as illustrated in Figure 33.
Namely, the functional groups in second-generation DBAs
represented by magenta arrows should be located at the outer
positions of the interdigitation pair and the simple alkyl groups
take the inner position because of steric reasons. This leads
to the functional groups inevitably locating at the interior of
the nanowells making them ready for guest binding. More
importantly, selective introduction of diﬀerent alkyl groups to
the DBA core in an alternate fashion, one of the major issues in
this molecular design, can be realized only by utilizing the
synthetic protocol developed by us (Scheme 1).
First, construction of surface-conﬁned pores lined with
ﬂuoroalkyl groups is described. We expected that such nano-
wells would selectively bind guest molecules by ﬂuorophilicity
and electrostatic interaction.73 It is well known that homoge-
neous mixing of alkanes and ﬂuoroalkanes is highly disfavored
whereas ﬂuorinated parts in molecules tend to aggregate by
themselves due to a property known as ﬂuorophilicity.74 This
unique behavior has been utilized as a key driving force in
various supramolecular self-assemblies such as liquid crystal-
line materials and lipid bilayers, and host­guest complexes.
In this respect, we designed and synthesized DBA-F having
perﬂuoroalkyl groups at the end of the three alkoxy chains
connected with para-phenylene linkers (Figure 34). As a
reference compound, DBA-H having alkyl groups instead of
the perﬂuoroalkyl groups was synthesized. We expected that
both DBAs would form honeycomb structures in which the
ﬂuoroalkyl or alkyl groups are positioned around the perimeter
of the hexagonal pores. To examine the guest binding abilities,
we synthesized two complimentary guest molecules: hexakis-
(phenylethynyl)benzene HPEB (Figure 16c) and its octadeca-
ﬂuoro derivative HPEB-F (Figure 34). These guest molecules
Figure 33. Schematic representation of on-surface host­
guest binding in a functionalized nanowell formed by self-
assembly of alternately functionalized DBA.
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were chosen because of their shape and size that match the
hexagonal pores of the DBAs in addition to the presence of 18
ﬂuorine atoms furnished at the exterior edge of HPEB-F.
STM observations of monolayers formed by DBA-F and
DBA-H at the PO/graphite interface, after annealing treat-
ment at 70 °C for 30min, revealed the formation of honeycomb
structures in which the ﬂuoroalkyl or alkyl groups are posi-
tioned around the perimeter of the hexagonal pores as expected
(Figures 35a and 35b). The guest binding experiments were
carried out at a constant DBA/guest mole ratio (= 2.4/1, total
concentration: 4.4 © 10¹6molL¹1) after optimization of con-
ditions at which sensible comparison could be done. On the
basis of the appearance of the pore space in the STM images,
the pores are classiﬁed into three categories; bright pores
containing immobilized guest, fuzzy pores with mobile guest,
and dark pores without guest (Figures 35c­35f ). Their distri-
bution indicates that, whereas the host network of DBA-F
accommodates both HPEB-F and HPEB eﬃciently, the host
network of DBA-H exhibits marked selectivity with little aﬃn-
ities toward HPEB-F in contrast to high aﬃnity to HPEB. On
the basis of molecular mechanics calculations for the periodic
host­guest complexes together with quantum chemical calcula-
tions for the model compounds to estimate interaction energies
(representative models shown in Figures 35g and 35h), the
strong host­guest aﬃnity between DBA-F and HPEB guest is
attributed to H£F electrostatic interactions between the periph-
eral hydrogen atoms of the guest and the ﬂuoroalkyl groups of
the 2D pores (Figures 35e and 35h). It should be emphasized
that the host­guest pair of reverse relationship, DBA-H and
HPEB-F, exhibited the least binding aﬃnity (Figure 35d),
which is ascribed to the wrong aromatic/aliphatic hydrogen/
ﬂuorine substitution patterns for electrostatic interaction. The
moderate binding aﬃnity between DBA-F and HPEB-F is
understood in terms of compromise between ﬂuorophilicity and
the size of the DBA pore which is slightly too small to accom-
modate the guest (Figures 35c and 35g). Nevertheless, this is,
to our knowledge, the ﬁrst example of the use of such inter-
actions in 2D guest binding. Unexpectedly, DBA-H and HPEB
exhibits signiﬁcant binding aﬃnity in spite of weak interaction
(only van der Waals force) and the slightly large pore size
for the guest. In this case the dark or fuzzy pores are always
surrounded by the bright pores each containing asterisk-shaped
Figure 34. (a) Chemical structures of DBA-F and DBA-H,
(b) a molecular model of the honeycomb structures formed
by DBA-F, and (c) chemical structure of HPEB-F.
Figure 35. STM images of honeycomb structures of (a)
DBA-F and (b) DBA-H formed at the PO/graphite inter-
face. STM images of monolayers formed at the PO/
graphite interface by (c) DBA-F and HPEB-F, (d) DBA-H
and HPEB-F, (e) DBA-F and HPEB, and (f ) DBA-H and
HPEB with red, green, blue, and pink hexagons indicating
the bright pores, fuzzy pores, dark pores, and pores which
cannot be assigned, respectively. Tentative network models
of (a) DBA-F and HPEB-F and (c) DBA-F and HPEB on
a bilayered graphene sheet by molecular mechanics simu-
lations. Reprinted with permission from Ref. 73. Copy-
right 2014 American Chemical Society.
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feature (Figure 35f ) indicating the formation of a superlattice
structure. Moreover, careful inspection of the STM images
revealed that the network pores containing the conﬁned guest
molecules are deformed to maximize van der Waals contact
with the guest via an induced ﬁt mechanism. This deformation
occurs periodically leaving one pore surrounded by six guest-
conﬁned pores thus generating a superlattice structure. This
represents another instance of superlattice formation induced
by guest binding.74
Next, we investigated reversible modiﬁcation of guest-
accommodating properties of the nanowell in response to
external stimuli. In this study the nanowell size was tailored
so that it ﬁts a speciﬁc guest molecule and can be changed
reversibly by irradiation of diﬀerent wavelength light. Though
reversible modiﬁcation of surface structures and functions
using photochromic molecules such as azobenzene which
are chemically or physically adsorbed at surfaces has been
extensively studied,75 this represents the ﬁrst example of the
construction of 2D pores which respond to external stimuli
speciﬁcally at a single molecular level.
As a photoresponsive group we chose azobenzene on which
two carboxy groups are introduced to create a conﬁned space
within a hydrogen-bonded cyclic hexamer of the isophthalic
acid moieties, which is known to immobilize one coronene
(COR: Figure 16c) molecule on surfaces via size and shape
recognition (see Figures 18 and 19). On the basis of this
design, DBA-AZ was synthesized. Here a meta-phenylene
linker connected to a C12 alkyl chain was used to locate the
cyclic hexamer of the dicarboxyazobenzene units at an appro-
priate direction in the pore (Figure 36).76 We expected that the
azobenzene units initially located on the surface in its planar
trans-conﬁguration would be desorbed from the surface after
isomerization to the cis-conﬁguration, thereby changing the
pore size and shape signiﬁcantly which can be assessed by the
number of adsorbed COR guest molecules.
By drop casting an OA solution of DAB-AZ (1.0 © 10¹5
molL¹1) on graphite, the formation of a honeycomb network
was observed as expected (Figure 37a). Nearly all azobenzene
units direct toward the center of the nanowell, suggesting the
formation of a cyclic hexamer of the dicarboxyazobenzene
units by hydrogen bonds. Moreover, a solution of a photosta-
tionary mixture of DBA-AZ containing 57% of cis-azobenzene
moieties formed mostly disordered structures together with
small honeycomb domains, conﬁrming the importance of the
trans-conﬁguration for the formation of the hydrogen-bonded
hexamer. Prior to irradiation, a saturated solution of COR
in OA (5.5 © 10¹4molL¹1) was dropped. As a result, single
COR molecule was observed in 86% of the pores (Figure 37b);
two CORs were found in 4% of the pores and 9% of the pores
contained fuzzy feature. By irradiation of 320 nm light for
10min followed by drop casting a saturated solution of COR,
the number of the pores containing more than two COR mole-
cules increased (Figure 37c). Statistical analysis revealed that
73% of the pores contain one COR, 16% two CORs, 3% three
CORs, and 8% fuzzy features. Pores containing four COR
molecules are also observed yet in small quantities (0.3%).
When this mixture was irradiated with long-wavelength light
(­ > 400 nm) for 10min, the distribution of the number of
COR molecules changed as follows: one COR, 92.3%; two
CORs, 2.8%; fuzzy features, 4.8%. The recovery of the stoi-
chiometric selectivity is attributed to the reduction of the pore
size by cis-to-trans isomerization of the azobenzene units,
demonstrating the reversibility of this process. Moreover, con-
trol experiments revealed that rapid diﬀusion and adsorption­
desorption dynamics of DBA-AZ at the interface are unlikely,
indicating that photoisomerization of the azobenzene units
occurs while being adsorbed on the graphite surface.
With the success in the construction of tailored nanowells
based on the formation of hydrogen-bonded hexamers of di-
carboxyazobenzene units, we envisioned that this motif can be
Figure 36. (a) Chemical structure of DBA-AZ and (b) a
molecular model of the honeycomb structures formed by
DBA-AZ. Reprinted with permission from Ref. 76. Copy-
right 2013 John Wiley and Sons.
(a) (b)
(c)
Figure 37. (a) A honeycomb structure formed by DBA-AZ
at the OA/graphite interface. (b) A self-assembled mono-
layer formed from a mixture of DBA-AZ and excess COR
at the OA/HOPG interface. (c) A self-assembled mono-
layer formed by in-situ UV irradiation of DBA-AZ at the
OA/HOPG interface followed by addition of excess COR.
The red, yellow, and blue hexagons indicate the pores
containing four CORs, two CORs, and those with fuzzy
images, respectively. Reprinted with permission from
Ref. 76. Copyright 2013 John Wiley and Sons.
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used to construct periodically functionalized pores in the self-
assembled 2D network of DBAs. To this end, DBA-AZ1 bear-
ing only one dicarboxyazobenzene unit was designed.77 As
shown in Figure 38, DBA-AZ1 would assemble to form a
Pattern A type network with periodically functionalized pores
if the hydrogen bonds are eﬃcient enough to bring all six
carboxy groups into the same pore, whereas the formation of a
Pattern B type network of random distribution would result
otherwise. Periodically functionalized porous networks could
be used for production of multi-component 2D architectures of
high complexity by selective adsorption of guest molecules to
the individual pores.
DBA-AZ1 was synthesized by the alkyne metathesis reac-
tion of an unsymmetrical precursor having one dicarboxyazo-
benzene unit and ﬁve C14 alkyl chains using a Mo nitride
complex. Monolayer formation was undertaken at the TCB/
graphite interface at 2.1 © 10¹6molL¹1. By deposition of the
solution at room temperature, only small domains of a honey-
comb structure were observed without any sign of the forma-
tion of cyclic hexamer of the isophthalic acid (Pattern B). On
the other hand, by annealing treatment at 100 °C for 11 h, very
large domains of the monolayer were formed (Figure 39a).
As shown in Figure 39b, a honeycomb structure was formed.
Some nanowells contain six dim spokes which correspond to
the azobenzene units, indicating the formation of hydrogen-
bonded cyclic hexamers of the isophthalic acid units. There are
unfunctionalized nanowells without spoke-like features too.
Notably, the locations of the two diﬀerent type nanowells are
periodically arranged within the honeycomb domain. Namely,
the functionalized nanowells with small pore space were sur-
rounded by large unfunctionalized nanowells exhibiting a long
range periodicity. In the unfunctionalized nanowells there are
occasionally bright fuzzy features, which we attribute to mobile
self-adsorbed DBA-AZ1 molecules. Our working hypothesis
for construction of a periodic functionalization of the porous
molecular network was thus experimentally veriﬁed.
To demonstrate use of a porous network with diﬀerent-sized
nanowells, the selective adsorption of two guest molecules,
COR (Figure 16c) and HPEPEB (Figure 39e), in the porous
network of DBA-AZ1 was performed. The solute concen-
trations of each component were set to 1.7 © 10¹6molL¹1
for DBA-AZ1, 7.7 © 10¹6molL¹1 for HPEPEB, and 7.7 ©
10¹6molL¹1 for COR, respectively, through optimization.
Figure 39c shows an STM image of the monolayers prepared
from the mixture at the TCB/graphite interface after annealing
treatment at 100 °C for 11 h. Bright disks imaged at the center
Figure 38. Schematic representation of periodically func-
tionalized porous network (Pattern A) and randomly
functionalized porous network (Pattern B) and chemical
structure of DBA-AZ1. Reprinted with permission from
Ref. 77. Copyright 2016 American Chemical Society.
Figure 39. (a) STM image of monolayer of DBA-AZ1
formed at the TCB/HOPG interface and (b) its enlarged
image. The white arrows indicate the small pore formed by
a hydrogen-bonded hexamer of isophthalic acid units and
the blue arrows show fuzzy features in the unfunctional-
ized pores. (c) STM image of monolayer of a mixture of
DBA-AZ1, COR and HPEPEB at the TCB/graphite inter-
face. Inset shows a zoom-in image of the pore containing
HPEPEB. (d) Molecular model of the three component
monolayer. (e) Chemical structure of HPEPEB. Reprinted
with permission from Ref. 77. Copyright 2016 American
Chemical Society.
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of the bright spoke containing pores are due to COR molecules
immobilized in the functionalized pores. Asterisk-like features
consisting of dim dots visible at the large unfunctionalized
nanowells are HPEPEB molecules. Close inspection of the
large nanowells revealed co-adsorption of TCB molecules at
the space between the “spokes” of radial HPEPEB molecule
(Figure 39c inset). These observations reveal that a highly
ordered three-component network was formed by selective
adsorption of two diﬀerent guest molecules at the respective
nanowells in the periodically functionalized porous network
(Figure 39d).
6. Conclusion
As described above, we found that DBAs formed porous
2D molecular networks of hexagonal lattices at liquid/solid
interfaces via van der Waals interactions between interdigitated
alkyl chains as the directional intermolecular linkages. We
developed various aspects of on-surface self-assembly exploit-
ing the unique features of DBA molecules, through fruitful
international collaboration between Osaka and Leuven. The
choice of DBA as a rigid core of the building blocks turned out
to be crucial for the successful research that has lasted more
than a decade, producing a lot of interesting results, many of
which were never foreseen, due to excellent adaptivity as well
as adaptability that the DBA molecules express. These include
(i) pore size control by changing the alkoxy chain length, (ii)
parity eﬀect by using even or odd number alkoxy chains, (iii)
generation of supramolecular chirality on surfaces by introduc-
ing stereocenters into the alkoxy chains, (iv) chemical modi-
ﬁcation of the pore interior for selective adsorption of guest
molecules by introducing functional groups at the alkoxy chain
terminals. It should be emphasized that the use of STM at the
liquid/solid interface enabled us to gain information regard-
ing how the molecules interact to each other to form highly
ordered architecture on surfaces at a nearly atomic level preci-
sion. There are already a number of new issues evolved for
further advances of this work such as chemical modiﬁcation of
graphene, on-surface reaction for the synthesis of 2D polymers
which is a topic of intense current interest,78 and epitaxial
multilayer formation, to name just a few. For the chemical
modiﬁcation of graphene, the porous network of DBAs can be
used as a mask; after modiﬁcation at the pore space, the mask
molecules can be removed to furnish periodically functional-
ized graphene, thereby making it possible to ﬁne-tune semi-
conductor properties of modiﬁed graphene. The formation of
stable dry ﬁlms may ﬁnd use for synthesis of 2D polymers, if
we can introduce in the alkyl chains reactive functionalities
which upon applying external stimuli connect the interdigitated
alkyl chains. On the other hand, by introducing appropriate
functionalities that would interact in vertical direction on the
alkyl chains, it would be possible to form porous columns by
growth of self-assembly to the vertical direction in addition to
the network formed in lateral direction via van der Waals inter-
action. As such there remains a lot to be done in this ﬁeld.
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